The noble gas record of terrestrial and meteoritic samples by Hennecke, Edward W.
Scholars' Mine 
Doctoral Dissertations Student Theses and Dissertations 
1975 
The noble gas record of terrestrial and meteoritic samples 
Edward W. Hennecke 
Follow this and additional works at: https://scholarsmine.mst.edu/doctoral_dissertations 
 Part of the Chemistry Commons 
Department: Chemistry 
Recommended Citation 
Hennecke, Edward W., "The noble gas record of terrestrial and meteoritic samples" (1975). Doctoral 
Dissertations. 274. 
https://scholarsmine.mst.edu/doctoral_dissertations/274 
This thesis is brought to you by Scholars' Mine, a service of the Missouri S&T Library and Learning Resources. This 
work is protected by U. S. Copyright Law. Unauthorized use including reproduction for redistribution requires the 
permission of the copyright holder. For more information, please contact scholarsmine@mst.edu. 
THE NOBLE GAS R.ECORD OF TERRESTR_IAL 
AND METEORITIC SAMPLES 
by 
EDWARD WILLIAM HENNECKE, 1945-
A DISSERTATION 
Presented to the Faculty of the Graduate School of the 
UNIVERSITY OF MISSOURI-ROLLA 
In Partial Fulfillment of the Requirement for the Degree 









PUBLICATION THESIS OPTION 
This dissertation consists of nine manuscripts prepared for 
publication. 
Pages 1-22 contain the manuscript which has been accepted for 
publication in Physical R.eview (197 5). 
Pages 23-40 contain the manuscript which has been accepted 
for publication in Journal of Geophysical Research (1975). 
Pages 41-62 contain the manuscript submitted to Nature (1975). 
Pages 63-92 contain the manuscript submitted to Earth and 
Planetary Science Letters (1975). 
Pages 93-107 contain the manuscript submitted to Physical Re-
view Letters (1975). 
Pages 108-124 contain the manuscript submitted to Nature (1975). 
Pages 125-141 contain the manuscript submitted to Zeitschrift 
fur Naturforschung (1975). 
Pages 142-155 contain the manuscript published in Nature 240, 
99 (1972). 




Analyses of tellurium and xenon in a telluride ore from Kal-
goorlie, Australia resulted in the following conclusions: 
128 
1. The ratio of the double beta-decay half-life of Te 
relative to that of 
13 0
T e is 1. 6 x 10 3 • 
h f 130 21 2. The double beta-decay alf-life o Te is 1. 0 x 10 
years. 
3. The measured half-lives are consistent with values 
predicted for a second order process of ordinary 
beta-decay that occurs with the emission of two 
neutrinos. 
A study of noble gases in Thailand tektites provided the follow-
ing information on the history of these objects: 
1. The isotopic compositions of nonradiogenic Ne, Ar, 
Kr, and Xe are atmospheric. 
2. The abundance pattern of noble gases relative to 
cosrnic abundances shows a selective depletion of 
the light-weight gases, except at neon. 
3. The amounts of excess neon in the tektites and the 
diffusion coefficient of neon in tektite glass yield a 
neon diffusion age in agreement with ages estimated 
by K-Ar and fission track methods. 
lV 
Analyses of the abundance and isotopic composition of noble 
gases in lava rock from. the Mt. Capulin crater cone, New Mexico re-
sulted in the following conclusions: 
1. The abundance pattern of noble gases in the lava rock 
cannot be accounted for by equilibration with atmo-
spheric noble gases. 
40 
2. There is a large excess of ''parentless'' Ar trap-
ped from the hot magma. 
3. The isotopic composition of xenon is consistent with 
a mixture of 90o/o atmospheric and lOo/o solar xenon. 
129 4. The absence of excess Xe does not support an 
129 
earlier suggestion that radiogenic Xe, found 1n 
co
2 
gas wells from this region of New Mexico, had 
been transported to the Earth's surface in hot mag-
mas. 
The abundance and isotopic composition of noble gases were 
determined in co
2 
well gas from Harding County, New Mexico. The 
results can be summarized as follows: 
1. The presence of relatively large isotopic anomalies 
129 
of xenon because of radiogenic Xe and fissio-
131-136 
genic Xe is confirrn.ed. 
2. The abundance pattern of Ar, Kr, and Xe can be 
understood in terms of fractionation effects in the 
v 
release of noble gases to the atmosphere or the ad-
sorption of gases from the atmosphere. 
3. An apparent excess of neon results from selective 
leakage of light weight noble gases into the C0
2 
gas, or perhaps is an indication that atmospheric 
neon has escaped from the exosphere. 
A study of noble gases in an Hawaiian xenolith, a deep- seated 
magnesium silicate with inclusions of liquid co
2
, provided the follow-
ing information on the interior of the Earth: 
129 1. An excess of Xe from the decay of primordial 
129r indicates that the formation of the Earth did 
not appreciably postdate the formation of mete-
orites. 
2. The relative abundances of nonradiogenic Ne, Ar, 
and Kr are those expected in a melt which eq uili-
brated with a gas reservoir containing atmospheric 
abundances of these noble gases. 
3. The nonradiogenic Xe is ten times higher than ex-
pected from equilibration of atmospheric noble 
gases with a melt, confirming an earlier sugges-
tion that the atmosphere is selectively depleted in 
Xe relative to the total terrestrial inventory of 
noble gases. 
Vl 
9 A study of noble gases in a 3. 3 x 10 year old anorthosite from 
Greenland revealed isotopic anomalies of krypton and xenon which 
could be accounted for by a combination of two effects, 
1. a selective enrichment of the heavy isotopes by mass 
fractionation, and 
2. an enrichment of the proton- rich isotopes of Kr and 
Xe from spallation reactions on Sr and Ba, respec-
tively. 
The Greenland anorthosite appears to have received an average of 
-2 
about 1. 7 kg em more shielding from cosmic rays than have rocks on 
the lunar surface, and the bulk of this difference in shielding can be 
accounted for by the Earth's atmosphere. 
Analyses of noble gases in three Springfield specimens, identi-
fied by the Denver Museum of Natural History with numbers 7029, 
379. 13 and 6040, revealed different noble gas records for each speci-
men. These results suggest that the three specimens were separate 
entities in space and thus represent different meteorites. 
A review of the isotopic composition of xenon released from 
0 0 
carbonaceous chondrites at extraction temperatures of === 600 -1000 C 
resulted in the following conclusions: 
1. There is a positive correlation in the release of ex-
cess proton- rich xenon isotopes and excess neutron-
rich xenon isotopes which cannot be explained by the 
Vll 
occurrence of nuclear or fractionation processes 
within the rn.eteorites. 
2. Possible sources suggested for this anornalous 
xenon cornponent are (i) xenon frorn. a supernova 
explosion, (ii) a mixture of severely mass frac-
tionated xenon with xenon isotopes produced by 
neutron-induced fission of transbisrnuth elem.ents 
during the early deuteriurn. burning stage of the 
sun or (iii) parts of a differentiated planetary body 
that were enriched in uranium. acted as a natural 
assemblage producing a therrnal neutron flux~ 
13 -2 -1 
3 x 10 n em sec . 
3. The isotopic cornposition of trapped meteoritic 
xenon, calculated by subtraction of this anorn.alous 
124 126 128 130 131 
component, is Xe: Xe: Xe: Xe: Xe: 
132 134 136 
Xe: Xe: Xe = 0.0276: 0.0248: 0.501:1.00: 
5.04: 6.19: 2.31: 1.90. 
viii 
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The half-life of 
128
Te relative to the half-life of 130Te has been 
128 130 3 
found to be t
112
;t112 = (1. 59± 0. 05) x 10 by measurement of the 013-
128 130 9 decay products, Xe and Xe, in a geologically old (2. 46 x 10 
year) telluride ore. These results yield an upper limit on the lepton 
-4 
nonconservation parameter, 11 < 0. 8 x 10 . 
:.:< 
Research supported by National Science Foundation Grants Nos. NSF-
GA-16618 and NSF-GA-33408. 
2 
I. INTRODUCTION 
The process of double beta decay, (A, Z)- (A, Z ± 2), may 
occur spontaneously in cases where decay to the interrn ediate isobaric 
nucleus, (A, Z)- (A., Z ± 1), is energetically prohibited or strongly 
1 
inhibited by a large spin change . There have been no direct experi-
mental observations of the double beta decay processes, but mass-
spectrometric measurements of the daughter product which accumu-
2 3 
lated in geologically old ores of selenium and tellurium have 
provided convincing evidence for the natural occurrence of two double 
82 B~ 82 130 ~~ 130 beta decays, Se ~ Kr and Te  Xe. The simulation of 
double beta decay from reactions induced by solar neutrinos 
4
, 
82 - 82 - 82 130 130 - 130 
Se(v, e ) Br(~ ) Kr and Te(v, e ) I({3 ) Xe, have been 
shown to occur far too rarely to account for a significant fraction of 
82 130 
the observed excesses of Kr or Xe. 
Experimentally measured rates of ~~-decay are useful in de-
fining the nature of the neutrino and the degree of lepton conservation 
5 1 
in weak nuclear interactions . Rosen and Primakoff have shown that 
the theoretically predicted half-lives for {3{3-decay vary by several 
orders of magnitude, depending on whether the decay is a second order 
process of ordinary {3-decay that occurs with the ernission of two neu-
trinos, e. g., 
(A, Z) - (A, Z + 1) + e + v 
e 
(A , z + 2) + 2 e + 2v , 
e 
( l) 
or a second-order process in which no net neutrinos are ernitted (the 
3 
neutrino ernitted in the first step is readsorbed in the second step), 
e. g. , 
(A, Z)- (A, Z + 1) + e- + V -(A, Z + 2) + 2e-. (2) 
e 
The latter process would be nonconserving of leptons and could only 
occur if v :: v . 
e 
6 
More recently Pontecorvo has suggested that !3{3-decay may 
occur through a first order process involving the superweak interac-
7 
tion postulated by Vlolfenstein . 
(A, Z)- (A, Z + 2) + 2e- (3) 
Smith et a1. 8 have further developed a model for neutrinoless {30-decay 
in a first order superweak interaction and calculated a coupling con-
stant for the interaction equal to about 10 -l 3 of the Fermi coupling 
6 8 
constant. Both Pontecorvo and Smith et al. note that their models 
128 
predict !3{3-decay rates for Te which are capable of accounting for 
128 9 
the excess Xe reported in old Te minerals by Takaoka and Ogata . 
10 
Prim.akoff and Rosen have also acknowledged that the {3{3-decay life-
. 128 9 
t1m.e for Te reported by Takaoka and Ogata is appreciably less than 
the lifetime expected for the two neutrino process represented by Eq. 
(1). 10 They suggest that {3{3-decay is predominantly no neutrino, and 
thus violates lepton conservation, but that {3{3-decay is nevertheless a 
second-order weak process. 
128 9 The {3{3-decay half-life of Te reported by Takaoka and Ogata 
has received considerable attentionS, b, 8 ' lO-l4 , although these authors 
4 
128 
cautioned that the apparent excess of Xe which they observed might 
to due to a background in the mass spectrometer. In an effort to 
128 
better establish the half-life of Te, we have analyzed the xenon ex-
tracted by stepwise heating of a relatively large sample of gold tellu-
rides from Kalgoorlie lodes, Western Australia. 
15 
Turek has esta-
blished the age of gold minieralization for this area to be {2, 460 ± 80) 
6 87 87 . 
x 10 years by the Rb- Sr dabng method. 16 Earlier analyses in our 
laboratory of xenon from this ore revealed a larger ratio of excess 
130 130 Xe to trapped Xe than had even been observed in any tellurium 
mineral. Further, the xenon spectrum revealed no enrichment of the 
heavy isotopes from fission, an expedient situation when looking for 
products of extremely rare nuclear events since interfering reactions 
induced by the decay of uranium and decay products will be minimal. 
II. EXPERIMENTAL METHOD 
Samples. Dr. G-. A. Travis of the Western Mining Corporation, 
Australia provided us a 10 g specimen of relatively pure tellurides 
from Kalgoorlie lodes. The specimen contains a mixture of tellurides, 
17 
the dominant phases probably being coloradoite and krennerite • Sam-
ple 1 was a single piece of this specimen weighing 3. 791 g. The xenon 
18 
was extracted from Sarnple 1 and analyzed in a Reynolds-type mass 
spectrometer in order to determine the ratio of radiogenic 130xe, the 
AA d d 13 0 d. . 128X h t-'t-'- ecay pro uct of Te, to ra 1ogen1c e t e ~~-decay product of 
5 
128Te. Two smaller samples were prepared as aliquots from another 
part of the original specimen which had been crused to -50 mesh size. 
Sample 2, weighing 0. 2919 g and Sample 3, weighing 0. 3070 g, were 
irradiated in a local reactor with monitors of tellurium and iodine to 
an integrated flux of ~ 2 x 1013 n em- 2 After allowing time for the 
precursors of stable xenon isotopes to decay, analyses of xenon from 
these two irradiated samples and their monitors were used to identify 
the effects of neutron induced reactions on the isotopic spectrum of 
131 
xenon. The ratio of excess Xe (the stable decay product of neutron 
130 130 
capture on Te) to radiogenic Xe in these two irradiated samples 
was used to define the parent: daughter ratio which had been produced 
130 . . from the ~~-decay of Te over the 2. 46 b. y. h1story of th1s ore. 
Irradiation. Prior to the irradiation Sample 2 and Sample 3 
were weighed, encapsulated in separate Vycor irradiation tubes, evac-
-5 
uated to ~ 10 torr, and then sealed under vacuum. Each irradiation 
tube contained a break- seal by which it could be attached to a vacuum 
manifold for gas extraction after the irradiation. In this way the irra-
diated samples were continuously isolated from the atmosphere from 
the time of encapsulation until completion of the xenon analysis. 
Two monitors, each containing a mixture of iodine and tellurium, 
were encapsulated in similar Vycor irradiation tubes with break- seals. 
Each monitor was prepared by weighing ~ 0.1 g reagent grade Te, 
transferring this to the irradiation tube, and then using a pipette to add 
1 ml of a standard KI solution containing 0. 8143 mg KI per mi. The 
6 
monitors were freeze dried, then brought to room temperature, evac-
-5 
uated to ~ 10 torr and sealed under vacuum. 
The four sealed Vycor irradiation tubes, each containing a 
sample or a monitor, were encapsulated individually in aluminum cans. 
These were mounted in a rotary device and irradiated for 133 minutes 
at an average distance of ~ 4 inches from the core of a local swimming-
pool type reactor. The reactor was operating at 1 kilowatt power level 
9 -2 -1 
and produced an average thermal neutron flux of ~ 3 x 10 n em sec 
at the rotary device. 
Xenon analyses. The extraction and analysis of xenon from 
Sample 1, the unirradiated 3. 791 g sample, was completed about six 
months prior to extraction and analysis of xenon from the two smaller 
irradiated samples, Sample 2 and Sample 3, and the latter analyses 
preceded by a few days the extraction and analysis of xenon from the 
two irradiation monitors. This sequence of analyses permitted us to 
utilize the results from the unirradiated sample in deciding the inte-
grated neutron flux to be used on Sample 2 and Sample 3 and the rela-
tive amounts of iodine and tellurium to be used in the irradiation 
monitors. This order of analyses also corresponds to increasing 
relative amounts of pile-produced xenon isotopes and thus minimizes 
systematic errors which arise from ''memory" of anornalous xenon 
isotopes in the analyzer tube of the mass spectrometer. 
Gases were extracted from all sam.ples and monitors by resist-
ance heating in Vycor tubes. Sample 1 was mounted in an upper 
7 
side-arm chamber of the extraction bottle, the pres sure was reduced 
-9 
to ~ 10 torr, and the lower part of the extraction bottle was heated to 
600° C. The xenon released by heating the empty Vycor tube was col-
lected and analyzed to monitor the cleanliness of the system. The 
sample was then dropped into the lower part of the extraction bottle 
and the xenon extracted at three different temperatures, 250° C, 3 50° C 
and 600°C. The sample had completely melted and partially vapor-
ized at 600°C. The extent to which xenon was extracted by this proce-
0 
dure was checked by a final heating of the sample to 750 C. 
The extraction and analysis of xenon from the irradiated sam-
ples, Sam.ple 2 and Sample 3, followed essentially the same procedure 
used for the unirradiated sample, except that only two extraction 
0 0 
temperatures, 250 C and 600 C, were employed. It was observed that 
gases extracted from the irradiated sam.ples contained a larger campo-
nent of atmospheric xenon than the unirradiated sample. This is 
understood in terms of the following differences in experimental proce-
dures. 
i) The irradiated samples had been crushed to -50 mesh and 
thus had a higher ratio of surface area: volume than did the single 
piece of unirradiated tellurides designated Sample 1. 
ii) The irradiation chambers had only been evacuated to ::::: 10- 5 
torr prior to the irradiation, and there was no additional pumping prior 
to the extraction of xenon. Each irradiation capsule was attached to 
the vacuum manifold of the sample system via a break- seal. After the 
8 
-9 pressure 1n the vacuum manifold had been reduced to::::::: 10 torr, the 
manifold was isolated from pumping and the seal to an irradiation cap-
sule broken. The gases were then extracted from the sample by 
heating of the irradiation capsule. 
Thus, the gases from the irradiated samples contained a corn-
ponent of xenon which remained on the surfaces of the sample and the 
Vycor within the irradiation capsules at -5 ::::::: 10 torr, whereas the 
-9 
unirradiated sample had been evacuated to ::::::: 10 torr and then dropped 
into a previously degassed Vycor tube for heating. 
The irradiation rnonitors were attached to the sample system 
via break seals. The procedure used for the extraction and analysis of 
xenon from each monitor is as follows. After the pres sure in the sam-
-9 ple system had been reduced to~ 10 torr, the system was isolated 
from pum.ping, the seal to an irradiation monitor broken, and the gases 
extracted by heating the monitor to 750° C. The gases released from 
the monitor were mixed with a standard volume of air prior to gas 
128 131 
clean-up in order that the amounts of pile-produced Xe and Xe 
could be determined in the mass spectrometer by isotope dilution. 
The xenon was analyzed in a Reynolds type, 4. 5 in. sector 
mass spectrometer, operating in the static mode. Each xenon spec-
trum was scanned 10 tirn.es and the isotopic compositions reported here 
were corrected for mass spectrometer memory by extrapolating the 
observed ratios to the time of xenon entry into the spectrometer. The 
entire mass region from A= 122 to A= 136 was scanned in the first two 
9 
sweeps of each spectrum .. For all extraction temperatures the amounts 
124 126 . 
of Xe and Xe released from the tellur1des were near the detec-
128 
tion limit of the mass spectrometer, and the mass region below Xe 
was not swept in subsequent scans of the spectrum in order to mini-
mize the effects of mem.ory and spectrometer pumping on the isotope 
analysis. The first two sweeps of the light mass region of each spec-
trum showed no evidence of anomalous peaks in this region where 
hydrocarbon or tellurium contam.ination would be most easily observed. 
No evidence of interferences at mass 128 due to "tailing 1 ' from the 
more abundant xenon isotope was observed. 
The sensitivity and mass discrimination of the mass spectro-
meter were determined before and after the analyses of xenon from 
each sample by analyzing xenon in standard air volumes. The proce-
dures used in our laboratory for purification of xenon, mass spectre-
metric analysis, data reduction and error analysis have been described 
16,19 
earlier . 
III. RESULTS AND DISCUSSION 
Table 1 shows the results of our analyses on Xe released from 
Sample 1, an unirradiated single piece of Kalgoorlie tellurides weighing 
3. 7 91 g. 124 126 The abundances of Xe and Xe are not reported in Table 
1, but a conservative estimate (from two scans of this mass region for 
. . 124 132 126 132 
each analyi:ns) 1s that the Xe/ Xe ratios and Xe/ Xe ratios 
in the tellurides are identical to their atmospheric values, within a 
10 
0 
factor of 3. By stepwise heating, we were able to isolate at 600 C a 
fraction of Xe which is highly enriched in anomalous isotopes from 
tellurium. f · 
130x · · h d b 1 In this temperature rachon e 1s enr1c e y a rnost 
20 128 
three orders of magnitude over its atmospheric value , and Xe, 
131
xe and 129xe are each enriched by about a factor of two. The en-





than the enrichment of radiogenic 130xe reported for 
all other analyses of Xe in Te ores. 
131 
The enrichments of Xe and 
129 21 130 
Xe can be explained by resonance neutron capture on Te and 
128T 
e, respectively. 
128 130 131 
The excess of Xe, Xe and Xe relative to atmospheric 
xenon
20 
and the concentrations of the reference isotope 132xe are 
given at the bottom of Table I in units of cc STP per gram of ore. The 
ratio, 128 130 -4 excess Xe: excess Xe = (5. 8 ± 0. 2) x 10 , is about 50 
9 
times smaller than the ratio reported by Takaoka and Ogata , but 
agrees with our results from other analyses on Te ores where upper 
16,19 128 130 -3 
limits on radiogenic xenon were Xe/ Xe < 9. 3 x 10 and 
128 130 -3 
Xe/ Xe < 3. 2 x 10 . We therefore conclude that the large excess 
128 9 
of Xe observed by Takaoka and Ogata was primarily from some 
128 
source other than the ~~-decay of Te. 
22 
Kirsten recently brought to our attention some unpublished 
data on xenon isotopes released from a native tellurium ore from the 
Good Hope mine in Colorado. According to Kirsten, the xenon released 
0 
from this ore at 650 C shows an upper lim.it value for the ratio, excess 
1 1 
128 130 -4 Xe: excess Xe < 4. 6 x 10 . However, the xenon released at 
130 
650° C from Good Hope telluriurn was enriched in Xe by less than a 
130 
factor of 10, whereas Xe is enriched by more than a factor of 700 
in the xenon released frorn Kalgoor1ie tellurides at 600°C (Table 1). If 
0 
the xenon released from Good Hope tellurium at 650 C contained the 
128 130 0 
same ratio of excess Xe: excess Xe that we observed in 600 C 
128 132 
fraction of Sample 1, the Xe/ Xe ratio would have been enriched 
by only 1. Oo/o. In view of the fact that a lo/r, enrichment in an isotope 
23 
ratio is within the 3 a- detection limit for high sensitivity mass spec-
trometer commonly used in noble gas studies, and further considering 
128 
the much higher precision for excess Xe afforded by the xenon re-
leased at 600° C from Kalgoorlie tellurides, we will consider the possi-
f 128x d 130 1 f h bility that the enrichment o e an Xe resu t rom t e double-
128 130 
beta decay of Te and Te, respectively. Nevertheless, we must 
'd h 'bl · · f 128 x · ·1·1 · 24 cons1 er ot er poss1 e ortgtns or excess e 1n te ur1urr1 ores , 
. 126 125 including three ex-induced reacttons, Te(ex, 2n), Te(a, n), 
124 . . 128 . - 128 -Te(ex,'Y), a neutr1no-1nduced process, Te(v, e ) I(~ ), reactions 
induced by cosmic ray primaries and secondaries, such as 
128 128 - 128 128 -
Te(p,n) I(!3 ) and Te(d, 2n) I(f3 ), and neutron capture on 10-
127 128 -
dine, I(n, 'Y) I(~ ). 
In considering reactions induced by ex-particles, it should be 
noted that a-decay of Th and U in surrounding rocks is not expected to 
'k . 'f' 'b . 128 b f h rna e a s1gn1 tcant contr1 utlon to Xe ecause o t e short range of 
a-particles (~ 0. 02 ern for 8 Mev a-particles in this ore). From the 
12 
136 1132x 25 Xe e ratios in Table I and the decay parameters of uranium 
we calculate that this ore has a uranium content of 3. 5 ± 2. 6 ppb if 
there has been quantitative retention of fission xenon produced within 
the ore. For a typical Th: U ratio ~ 3, the total number of a's pro-
9 13 duced over the 2. 46 x 10 yr history of this ore is ~ 6 x 10 cx's/g. 
Assuming that all a-particles in a particular decay series have the re-
24 
action cross section on Teas estin1ated by Takaoka and Ogata for the 
most energetic a-particle in that decay series (the actual cross sections 
will be m .uch sm.aller for the less energetic a's due to a~ 14 Mev 
Coulomb barrier of the Te nucleus for a-particles), it can be shown 
-3 that a-induced reactions on Te will produce no n1ore than 10 of the 
128 0 
excess Xe released at 600 C. For the neutrino flux and cross-
4 24 
sections given by Bozoki and Lande and Takaoka and Ogata , we cal-
. 128 . 
culate that the fract1on of excess Xe whtch could be produced by the 
128 - 128 - 128 -5 4 
Te(v, e ) I(!3 ) Xe reaction is less than 10 for solar neutrinos 
-3 
and less than 10 for high energy neutrinos from cosn1ic ray second-
. 24 
artes 
126 -For the telluride sample used in this study, the Te(p, n!3 ) 
126 126 - 126 
Xe reaction and the Te(d, 2nj3 ) Xe reaction can be used to 
128 
approximate upper limits on the total production of Xe from the 
128 - 128 128 - 128 . 
Te(p, nj3 ) Xe and the Te(d, 2n!3 ) Xe react1ons. Assuming a 
norrnal isotopic composition for tellurium. and xenon originally trapped 
. . . 126 126 128 128 
w1th1n the ore, then inttially ( Te/ Xe) = 12. 6 ( Te/ Xe). If 
126 128 
Te and Te have equivalent cross-sections for both the (p,n) and 
13 
126 
the (d, 2n) reactions, and if 44o/o of the intermediate I decays to 
126 126 132 . . . . . . 
stable Xe, then the Xe/ Xe ratio presently trapped 1n tellur1urn 
.1 .1 b 5 s . . . h h 128x /13 2x . ores wi e . t1mes more sens1hve t an t e ~e e raho as an 
indicator of (p, n!3-) and (d, 2n!3-) reactions. Since no enrichment of 
126 132 126 132 
Xe/ Xe was observed ( Xe/ Xe < 0. 01 in all temperature frac-
126 
tions), this upper limit of excess Xe suggests that no more than 
128 0 -30o/o of the excess Xe released at 600 C can be attributed to (p, n!3 ) 
- 12g 
or (d, 2n!3 ) reactions on Te. Although the above calculation does 
128 
net set very stringent limits on the production of excess Xe by (p, n) 
and d, 2n) reactions on 128 Te, we suspect that these cosmic-ray-
induced reactions have made a negligible contribution to the excess 
128 
Xe for the following reasons: 
i) 24 Takaoka and Ogata have noted that nuclear reactions in-
duced by protons and deuterium ions will not be effective due to large 
energy loss of these particles in surrounding rocks. 
ii) We are not aware of any reports of (p, n) or (d, 2n) reactions 
in subsurface minerals, such as the telluride sample used in this in-
vestigation, although reactions induced by the more penetrating cosmic-
. 26-28 
ray-produced neutrons have been detected 1n a few surface rocks . 
Analyses of xenon in the two pile-irradiated samples, Sample 2 
and Sample 3, were used to estimate the possible role of natural 
128 
neutron-induced reactions in producing the excess Xe observed 1n 
0 
the 600 fraction of Sample 1. The isotopic compositions of xenon from 
the irradiated samples are presented in the upper part of Table II, and 
14 
132 
the concentrations of the reference isotope, Xe, and the excesses 
f 128x o e, 
130 131 
Xe and Xe are shown in the lower part of Table II. 
From a comparison of the data in Table I and Table II, it will be noted 
131 
that the irradiation caused excess Xe to increase by about a factor 
128 
of 500, but the excess Xe increased by only a factor of 2. These 
results show that irradiation by neutrons having the energy spectrum 
128 
available in the pile cannot account for the excess Xe released by 
Sample 1 (Table I). Further, it seems highly unlikely that epithermal 
resonance effects and differences between the energy spectrum of 
neutrons in the tellurides during their history and the energy spectrum 
of neutrons in the pile can account for the ::::: 400-fold difference ob-
131 128 
served between the ratio of excess Xe: excess Xe in the natural 
tellurides (Table I) and in the pile-irradiated tellurides (Table II). 
Thus, it appears from the above considerations that ~~-decay 
of 
128
Te is the most likely source for excess 128xe observed in the 
0 
600 fraction of the unirradiated tellurides. From the ratio of excess 
128 130 . 0 
Xe to excess Xe 1n the 600 fraction of the unirradiated sample, 
and assuming a normal isotopic composition for Te, we calculate the 
128 128 . 130 130 half-life of Te (t
112
) relative to the half-l1fe of Te (t
112
) to be 
128 130 3 
t1 / 2 /t1 / 2 = (1. 59± 0. 05) X 10 ( 4) 
Many possible sources of systematic errors in m .easurements 
of the individual half-lives for ~~-decay, such as errors in the ore age, 
15 
in the tellurium determination, or in measurem.ent of the xenon con-
3 128 130 
tent, will not effect the experimental value of t112 !t112 . A compari-
d 128/ 130 . . h h d" d f th h son of the measure t 112 t112 ratlo w1t t at pre 1cte rom eory as 
the added advantage of eliminating uncertainties in the theoretically 
. . 128 predicted decay rates due to the nuclear matr1x elements for Te 
128x d 130'1, 




if one accepts the usual assumption that 
these elements are approximately equal. 
128 130 
In this manner the t 112 1t112 
ratio predicted for the different models can be approximated as a func-
tion of the energy released for the two decays. Recent mass measure-
m .ents by Kerr and Bainbridge29 and the equations presented by Rosen 
1 128 130 3 
and Primakoff yield t112 ; 112 = 8 x 10 for the second order process of 
128 130 2 
ordinary beta decay [Eq. (1)] and t112 !t112 = 1. 4 x 10 for the no-
neutrino second order process [Eq. (2)]. The observed value, as shown 
by Eq. (4), is interm.ediate to the values preducted by these two m .odels. 
However, the ratio shown by Eq. (4) is not consistent with the relative 
decay rates predicted for the first order process involving the super-
128 130 
weak interaction constant [Eq. (3)], which yields t 112 !t112 = 20 for the 
equations presented by Smith~ a1. 8 . 
128 130 
The relative half-lives of Te and Te from Eq. (4) can be 
used to estimate the extent of lepton non-conservation in the f3f3-decay 
128 130 
processes. Assuming equal matrix elements for Te and Te, the 
relative half-lives which we observed yield an upper limit on the lepton 
non-conservation parameter discussed by Primakoff and Rosen10 of 
-4 
T1 = 0 • 8 X 10 • 
16 
Analyses of xenon from the two irradiation rnonitors indicated 
-10 131 
that the irradiation had produced (3. 06 ± 0. 26) x 10 cc STP of Xe 
per g Te. These results were used to calculate the amount of Te as-
130 0 
so cia ted with the excess Xe in each of the 600 fractions of the 
irradiated samples (Table II). 9 For an ore age of (2. 46 ± 0. 08) x 10 
yrs15 , the ratios of excess 130xe: Te yielded values for the half-life of 
130 130 21 130 1021 Te of t
112 
= {l. 05 ± 0. 04) x 10 yrs and t112 = (0. 89 ± 0.11) x 
yrs, respectively, for Sample 2 and Sample 3. The average value for 





ratlo shown in Eq. (4) cor-these two determinations and the 
. 128 
responds to a half-l1fe for Te, 
128 24 
t112 = (1. 54 ± 0. 17) x 10 yrs. Al-
though incomplete retention of xenon produced by ~~-decay in this ore 
should not affect the value given for the relative half-lives in Eq. (4), 
-4 
nor the value of 11 = 0. 8 x 10 , any correction for loss of radiogenic 
130 128 130 128 
Xe and Xe would shorten the half-lives of Te and Te. 
128 130 
Our results on the half-lives of both Te and Te are near 
1 
the lower lirriit of the half-lives predicted for a second order decay 
process of ordinary [3-decay, as represented by Eq. (1), but are a few 
. 1 
orders of magnitude greater than the half-lives pred1cted for the 
second order process involving no net neutrino em.ission, as represent-
ed by Eq. (2). Thus, our experimental values for the relative half-
128 13 0 3 
lives, t 112 !t112 = 1. 6 x 10 , and for the individual half-life values, 
128 .1 5 . 24 13 0 . 21 
t = • x 10 yrs and t = l. 0 x 10 yrs, are in general agreement 1/2 1/2 
with the values predicted for ~~-decay via a second order process of 
ordinary beta decay. 
17 
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Table I. Xenon released by stepwise heating Sample 1, 3. 791 g Kalgoorlie telluride 
Extraction TemEerature 
Atmospherea 
250°C 350°C 600°C 750°C 
Mass No. 
128 7.9± 1.1 7.4± 0.2 13. 4 ± 0. 2 7.1±0.1 7. 14 
129 98. 9 ± o. 3 98.9±0.3 2 34. 5 ± 0. 6 99. 0 ± 0. 4 98. 3 
130 32.9±0.2 70. 3 ± 0. 2 10, 822 ± 32 50. 9 ± 0. 4 15. 2 
131 79. 5 ± 0. 5 79. 6 ± 0. 3 133. 1 ± 0. 3 79. 6 ± 0. 9 78.8 
132 = 100 = 100 = 100 = 100 = l 00 
134 38. 8 ± 0. 1 39.0±0.3 39. 2 ± 0. 2 39. 1 ± 0. 1 38.8 
136 33.2±0.2 32.9±0.1 33.4± 0.1 33. 3 ± 0. 2 33.0 
Content of 132 xe 
(x 10-13 cc STP/g) 4. 73 ± 0. 17 4.76±0.18 4. 71 ± 0. 17 6. 39 ± 0. 24 
Excess 130xe 
(x 10-14 cc STP/g) 8.4±0.3 26 ± 1 5090 ± 190 23 ± l 
Excess 12 8xe 
3.6±5.2 (x w- 15 cc STP/g) I. 2 ± 0. 9 29.5± 1.5 -0.3±0.7 
Excess l3 1xe 
(x w-l4 cc STP/g) 0. 3 ± 0. 2 0. 4 ± o. 2 2 5. 6 ± l. 0 0. 5 ± o. 6 
aSee Ref. 20. N 
........ 
Table II. Xenon released by stepwise heating of neutron-irradiated Kalgoorlie telluride 
Sample 2 (0. 2919 g) Sample 3 (0. 3070 g) a Mass No. 250°C 600°C 250°C 600°C Atmosphere 
128 7.0±0.1 8. 0 ± 0. I 7. 6 ± 0. I 8. 0 ± 0. 1 7. 14 
I2 9 97. 3 ± o. 3 1I0.6± 1.1 97.6±0.3 108.3± 0.5 98.3 
130 18. 9 ± 0. 2 1141 ± 8 30. 8 ± 0. 2 924 ± 7 15.2 
131 87.6± 1.1 3565 ± 24 104. 0 ± 0. 6 2462 ± 23 78.8 
132 = 100 = 100 = 100 = 100 = 100 
134 38. 7 ± 0. 2 39. 1 ± 0. 4 38. 9 ± 0. 3 39. 0 ± 0. 6 38.8 
136 32.9±0.2 33.0±0.2 33. 0 ± 0. 2 33.2 ± 0.1 33.0 
-----------------------------------------------------------------------
Content of 132xe 
103 ± 7 43 ± 3 28 ± 2 59± 4 (x 10-13 cc STP/g) 
Excess l30xe 
38 ± 3 4840 ± 340 44 ± 3 5360 ± 37 0 (x 10-14 cc STP/g) 
Excess 128xe 
- 14 ± I 0 37 ± 5 13 ± 3 51 ± 7 (x 10-lS cc STP/g) 
Excess 131 xe 
91 ± 13 15000 ± 1050 71 ± 5 14060 ± 960 (x lo- 14 cc STP/g) 




NOBLE GASES IN THAIL.AND TEKTITES 
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and 
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Grambling, Louisiana 71245 
Abstract: The abundance pattern of noble gases in Thailand tek-
tites shows an anoiTI.alous spike of neon, apparently from the diffusion 
of atmospheric neon through the glass. The isotopic compositions of 
nonradiogenic Ne, Ar, Kr, and Xe are atmospheric, but the Ar/Xe and 
Kr/Xe ratios in the tektites are each about an order of magnitude lower 
than the values in air. 
24 
In spite of the numerous investigations which have been made 
on tektites, there is no unanimity of opinion on the origin of these 
glassy, aerodynamically shaped objects. Data on trapped noble gases 
have proved valuable in deciphering the history of lunar, meteoritic, 
and terrestrial samples, but there are suprisingly few data available 
on noble gases trapped in tektites. Reynolds [1960] measured the 
abundance and the activation energy for diffusion of trapped He and Ne 
in tektites, and several investigators have measured argon in tektites 
in determining their K-Ar ages [Suess~ al., 1951; Gerling and 
Yaschenko, 1952; Gentner and Zahringer, 1959 and 1960; Reynolds, 
1960; Zahringer, 1963; Zahringer and Gentner, 1963; McDougall and 
Lovering, 1969]. But there have been no reports on the abundances or 
isotopic compositions of the heavier noble gases trapped within the 
solid matrix material of tektites. 
Recent investigations have been largely concerned with the 
compositions of gases trapped within gas bubbles of tektites and other 
natural glasses. O'Keefe~ al. [1962] identified neon, helium, and 
oxygen in a bediasite bubble and suggested that the He and Ne may have 
diffused into the tektite from the atmosphere. Measurements of Ar 





[Muller and Gentner, 1968], and the abundances of Ar, Kr, and Xe 
[Zahringer, 1963; Jessberger and Gentner, 1972] have indicated an at-
mospheric origin for these in gas bubbles of tektites. 
25 
This investigation of all the stable noble gases trapped in 
splash-form tektites from Thailand was undertaken in order to see if 
the abundance pattern or isotopic composition of these gases might 
offer som.e new insight into the history of these objects. 
ANALYTICAL CHEMISTRY 
Two samples of splash-form tektites from Thailand were pre-
pared for analysis; Sample I was a single tektite weighing 4. 055 g and 
Sample II consisted of four tektites with a combined weight of 13.445 g. 
Prior to the noble gas analyses the tektite surfaces were washed in 
dilute HF to remove surface soil, rinsed in distilled water, and finally 
cleaned ultrasonically, first in distilled water and then in ethanol. To 
minimize atmospheric contamination, the tektites were not crushed 
prior to gas extraction. 
The samples were mounted in a side arm chamber of a quartz 
-9 
extraction bottle and the pressured reduced to z 10 torr. To achieve 
this pressure the extraction crucible and the Ti and Cu/ CuO getters 
were each cycled several times to the m .aximum temperature to be 
subsequently used for sample analysis. The entire systern was baked 
overnight at z 350°C, except the side-arm cham.ber containing the 
0 
samples was only heated to z 100 C. Then the empty molybdenum 
crucible was heated at 1600° C and the gases collected, cleaned and 
analyzed in order to determine the system blank. 
26 
When the system blank seemed sufficiently low relative to the 
gas content expected from the sample [Zahringer, 1963], the sample 
was dropped into the degassed molybdenum crucible for gas extrac-
tion. Two gas extraction temperatures were used for each sample. 
The first fraction of gases was collected by heating the sample to 
800°C for 30 minutes, and after analysis of the gases released, the 
sample was melted and held at 1600°C for 30 minutes to release gas 
for the second temperature fraction. Standard volumes of air (:::::: 0. 01 
cc STP) were analyzed before and after the analysis of noble gases 
from the sample in order to calibrate the mass spectrometer. 
Hennecke and Manuel [1971] describe the experimental procedure used 
in our laboratory for cleaning, separating and analyzing noble gases 
and the methods employed for data reduction and error analysis. The 
isotope ratios reported have been corrected for mass discrimination 
and the errors on the isotope ratios represent one standard deviation 
(cr-). The amount of each noble gas was determined by the 1 1peak-
height" method. Due to variations in the sensitivity of the mass spec-
trometer, each gas content reported here has an uncertainty of± 15o/n. 
RESULTS AND DISCUSSION 
The noble gas contents of the tektites analyzed in this study are 
shown in Table 1, together with the noble gas contents of lunar soil, 
the Earth's atmosphere, a shale sample, and in ordinary and 
27 
carbonaceous chondritic meteorite. There have been no corrections 
for blanks but rather the mass spectrometer signal, obtained by de-
gassing the empty molybdenum crucible at 1600°C prior to dropping in 
the sample, has been converted to effective gas content per gram of 
sample and shown below the gas content determined in each sample. 
The isotopic compositions of the blanks were those of atmospheric 
noble gases. For the noble gas contents found in Sample I, the blank 
constitutes an appreciable fraction of the total He, Ar, Kr, and Xe. 
Attempts to obtain a lower blank before analysis of Sample II were 
successful, except at He. The rather consistent blank level for He 1s 
attributed to diffusion of He into our glass vacuum. system during the 
extraction and cleaning of gases. Both tektite samples released the 
bulk of their noble gases at 1600° C, and we were able to measure the 
isotopic composition of all noble gases except He in the 1600° C of 
Sample II. Our results are shown in Table 2 together with the isotopic 
compositions of these noble gases in the Earth's atmosphere, in lunar 
fines, and in carbonaceous chondrites. Due to the larger size and 
lower blank of Sample II, most of the following discussion will be 
limited to the results obtained on this sample. 
Figure l compares the abundance pattern of noble gases in 
Sample II with the abundance pattern of noble gases in the Earth's at-
mosphere, in Fig Tree Shale # 4, in the M _urray chondrite, and in 
lunar fines. We employed the method of Canalas ~ al. [1968] to corn-
pare the fractionation factor, Fm, for each noble gas, 
28 
m 130 m 130 ( X/ Xe)s 1 /( X/ Xe)c . , amp e o srn.1c ( 1 ) 
rn 
where the symbol X is any noble gas isotope of mass number m, and 
cosmic abundances are those given by Suess and Urey [1956]. The fol-
lowing iterns should be noted fro:rn our results in Table 1, Table 2, and 
Fig. 1: (i) The concentrations of the nonradiogenic heavy noble gases, 
36 
Ar, Kr, and Xe, in the tektites used in this study are lower than the 
concentrations reported earlier [Zahringer, 1963]. (ii) The concen-
40 -8 
tration of radiogenic Ar, 6. 9 x 10 cc STP/g, is in general agree-
40 
ment with the radiogenic Ar contents reported in other tektites from 
the Far East [Reynolds, 1960; Zahringer, 1963, Zahringer and Gentner, 
1963; McDougall and Lovering, 1969]. 40 Our results and the K decay 
parameters given by Beckinsale and Gale [1969] yield an apparent K-Ar 
age of 0. 87 ± 0.13 m. y., assuming a potassium content of 2o/r and 




Ar = 296. 
36 (iii) The Ar: Kr: Xe ratio in 
our samples is not atmospheric, and in this respect differs from the 
gases found in tektite bubbles [ Zahringer, 1963; Jessberger and 
Gentner, 1972]. (iv) Except for a prominent excess of radiogenic 
40A r, the isotopic co:rnpo sit ion of each noble gas in our sample (Table 
2) is in general agreement with the isotopic composition of atmospheric 
noble gases. 
36 
But the Ar/Xe ratio and the Kr/Xe ratio in Thailand 
tektites are each about an order of magnitude lower than the values 1n 
air. These observations suggest that most of the trapped xenon is 
from the tektite parent material, and that the parent material is of 
29 
terrestrial origin. (v) The noble gas abundance pattern in our samples 
(Fig. 1) shows a spike at neon which 1s extrernely unusual in that the 
22 136A . . h" h th h 22 136 f . d Ne r ratio 1s even 1g er an t e Ne A r o unfracbonate 
cosmic elements. 
22 36 
These high Nel Ar ratios could be accounted 
for by diffusion of atmospheric neon into the tektites (O'Keefe~ al., 
1962], and this possibility will be examined in light of Reynolds [1962] 
diffusion studies in the following discussion. 
First we should point out that there is evidence from earlier 
studies that the anomalously high abundance of neon is characteristic 
of tektites from localities other than Thailand, although the excess 
neon has not been noted earlier. 22 84 In the atmosphere Ne I Kr = 2. 6 
22 36 
and Nel Ar = 0. 05. But Reynolds' [1960] analyses on tektites from 
22 136 .• [ 6 ] various strewn fields show Ne Ar = 0. 3-15 and Zahringer 1 s 19 3 
analyses on gas released by breaking bubble- rich tektites in a vacuum 
22 84 
show Ne I Kr = 4. 4-60. We do not consider the low concentrations 
of helium in our samples to be a serious objection to this model, in 
view of the experimental difficulties caused by the diffusion of He 
through our glass system, the relatively high diffusion rate of He in 
tektites [Reynolds, 1960], and the preliminary steps taken to achieve a 
high vacuum and a low system blank in our analyses. 
0 Reynolds [1960] measured the solubility of neon at 580 C and 
the coefficient for diffusion of neon in tektite glass from Kalgoorlie, 
Australia. His solubility results indicate that if a tektite were sealed 
in contact with atmospheric gases at STP in a large container, and 
30 
the entire system heated to 580° C, then when equilibrium had been 
-9 22 
established the tektite would contain only 1. 0 x 10 cc STP Ne per 
22 
gram. This equilibrium value is less than the Ne content observed 
in any of the tektites analyzed in this study, or in the study by 
Reynolds [1960], and suggests that the neon solubility must be appre-
ciably higher at ambient temperatures if the anomalous neon abun-
dances are to be attributed to the diffusion of atmospheric neon. 
However, since the adsorption of a gas onto a solid is exothermic, we 
expect the neon solubility to increase as the temperature decreases, 
and Bertrand (private communication, 1974) has shown that the neon 
concentration in the tektite, CNe, will vary with the equilibrium tem-
perature of the above sealed system: 
= (2) 
where R is the gas constant, T is the equilibrium temperature in °K, 
and ~E is the change in molar internal energy of neon resulting from 
adsorption on tektite glass: 
Ne (gas) Ne . (tektlte) 
22 -9 Reynolds (1960] observed the highest Ne content, 25 x 10 cc 
STP/g, in a tektite (Empirite) which had the oldest K-Ar age, 32m. y. 
His studies also indicate a half-life of l. 1m. y. at room temperature 
for the diffusion of neon from a spherical tektite with 1 em radius. If 
22 
we therefore assume the Ne content of this Empirite to represent 
saturation with atrr:ospheric neon at 27°C, then Eq. (2) requires a 
31 
value of .6-E = -2.9 kcallrnole = -0.13 ev to account for this 25-fold in-
crease in the neon solubility when the temperature is reduced from 
0 0 580 C to 27 C. This value of .6.E is consistent with the values of ~E 
usually produced by physical adsorption, ~E > -0. 22 ev [Blakely, 
1973]. 
8 22 
We therefore accept 2. 5 x 10- cc STP Ne per gram as a 
reasonable saturation value for tektite glass in contact with atmo-
6 
spheric gases and use 1.1 x 10 yr as the diffusion half-life for neon 
into Sample II, since each of four tektites in this sample had dimen-
sions of z 1 em. 
22 
These parameters and the Ne content of Sample II, 
-8 6 1. 0 x 10 cc STP I g, yields a diffusion time of 0. 81 x 10 yr. This 
"diffusion age" is in reasonable agreement with the K-Ar ages cited 
earlier and with fission-track ages [Gentner et al., 19691 reported for 
tektites from. the Far East strewn field. 
CONCLUSIONS 
The isotopic abundances of Ne, Ar, Kr, and Xe trapped in 
Thailand tektites are atmospheric in composition, except for an excess 
f d . . 40A 36 I I o ra 1ogen1c r. The Ar Xe and Kr Xe ratios are about an order 
of magnitude lower than in the atmosphere, suggesting that most of the 
Xe may be from the tektite parent material. The exc e ss Ne observed 
in these tektites agrees with the results of earlier studies by Reynolds 
[1960], O'Keefe~ al. [1962], and Zahringer [1963]. The amount of 
excess Ne and the diffusion coefficients reported by Reynolds [1960] 
32 
yield a Ne diffusion age in agreement with ages estimated by the K-Ar 
and the fission-track methods. 
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TARLE l. A Comparison of the Noble Gas Content of Thailand Tektites 
with M<"teoritic, Lunar, and Terrestrial San1ples 
Samples 
4 -8 22 
Hex 10 
Thailand Tektites a 
Sample I, 4. 055 g 
800°C 0.26 
1600°C 0.40 
Blank, 1600°C 0.25 
Sample II, 13.447 g 
800 
0 
c 0. 14 
1600° c 0. 31 
Blank, 1600° c o. 17 
Meteorites 
B ruderheim b 240 
Murrayc 14,000 
Lunar 
Soil d 15,000,000 
Terrestrial 
Fig Tree Shale # 4 e 380 
Atmosphere! 400 , 000 
aThis work 
b 
Manuel and Rowe [ 1964] 
Gas Content (cc STP/g) 
Ne x 10- 8 36 -9 Ar x 10 
0. 04 0.06 
o. 61 0.43 
0.008 0.04 
0. 0 11 o. 013 
1.0 0.095 
0.002 0.006 
1. l 23 
9. 1 770 
20,000 350,000 
2.0 92 
130, 000 24,000,000 
cReynolds [1960] 
dPET [1969) 
84Kr x 10-ll 130xe x 10 -l3 
0.45 o. 94 
0. 10 0. 16 
0.04 0.09 




21,000 120, 000 
4,400 67,000 
50,000,000 27,000,000 
e Canal as et al. [ 1968] 
fveriani [1966) 
TABLE 2. A Comparison of the Isotopic Composition of Noble Gases 
in Tektites and in Meteoritic, Lunar, and Terrestrial Samples 
Noble Isotoeic Comeosition 
38 
Gas Sample ua Atmosphericb Lunare! lj Carbonaceous 
Isotope 1600°C Gases Fines Chondrite 
20Ne 979 ± 2 980.5 1, 300 777-1,310 
21Ne 2.90± 0.01 2.904 3.30 2.5-3.6 
22Ne 
= 100 = 100 = 100 = 100 
36 Ar = 100 = 100 = 100 = 100 
38Ar 18.9 ± 0.2 18. 7 18. 5 17.2-20.0 
40Ar 102,500 ± 200 29,550 60-3,310 
---------
78Kr < o. 73 0.62 0.64 0.60 
80Kr 3. 98 ± 0. 02 3.96 4.01 3. 92 
82Kr 20.2 ± o. 1 2 o. 21 20.2 2 o. 1 
83Kr 20.2 ± o. 1 20. 16 20.2 20.2 
84Kr = 100 = 100 = 100 = 100 
86Kr 30.3 ± 0.2 30. 55 30.4 31. 0 
128Xe 47.3 ± 0.4 47.0 50.6 50.6 
129Xe 651 ± 4 648 632 (635) 
130Xe = 100 = 100 :: lOO = 100 
131Xe 518 ± 4 519 501 507 
132Xe 655 ± 3 659 61 3 621 
134Xe 254 ± 256 229 637 
136Xe 216 ± 217 187 199 
aThis work. 
bThe isotopic compositions for atmospheric Ne, Ar, Kr, and Xe are from Eber-
hardt et al. [1965], Nier [1950a], Nief [1960] and Nier [1950b], respectively. 
<:!Srinivasan et al. [1972] • 
dThe isotopic compositions for Ne and Ar in carbonaceous chondrites are the range 
of values reported by Mazor et al. [1970] and the Kr and Xe isotope ratios are 
average values from Marti [19A 7] and Eug ste r et al. (196 7]. 
39 
Figure Caption 
Fig. l. A comparison of the abundance pattern of noble gases in Thai-
land tektites (dark line) with the abundance patterns of noble gases 1n 
other terrestrial and extraterrestrial material. 
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Figure 1 
Noble Gases in Lava Rock from 
Mt. Capulin, New Mexico 
E. W. H ennecke and 0. K. Manuel 
Nuclear Division 
Department of Chemistry 
University of Missouri 
Rolla, Missouri 6 5401 
Abstract 
41 
Noble gases in lava rocks from Mt. Capulin crater cone con-
40 
tain "parentless" Ar and xenon trapped from hot magma. The iso-
topic composition of the xenon is intermediate to the atmospheric and 
b d . · 129x b d h solar compositions, ut no ra tog entc e was o serve . T es e 
129 
results do not support an earlier suggestion that radiogenic Xe, 
found in co
2 
gas from this region of New Mexico had been transported 
in hot magmas. 
42 
1 
A.bout four years ago we reported the presence of a relatively 
129 large excess of radiogenic Xe, the decay product of now-extinct 
129r in co
2 
well gas from Harding County, New Mexico. The origin 
of the co
2 
gas is not understood, and we suggested that the radiogenic 
129 Xe may have been brought near the Earth's surface in hot magmas, 
where intrusive contact with crustal carbonate rocks produced the C0 2 
gas. This mechanism for producing the C0 2 gas had been suggested 
2 
earlier , and the presence of recent igneous activity in this region of 
3 
New Mexico lends credence to this suggestion. However, we pointed 
4 
out that reports on the iodine content of limestone and the equilibrium 
5 129 127 -7 
ratio of I/ I indicate that only a negligible fraction (::::: 10 ) of the 
129 
radiogenic Xe in the C0 2 gas could have come from the limestone, 
129 
and we therefore concluded that the excess Xe carne from the mag-
rna. 
Our model suggested that lava rocks from this region of New 
129 
Mexico rn.ight presently contain radiogenic Xe, provided that the 
trapped noble gases had not (i) completely escaped as the lava cooled 
or (ii) equilibrated with atmospheric noble gases. 40 Radiogenic Ar 
6,7 
can be used as a tracer to estimate (i) the completeness of gas loss 
from the hot lava, and a comparison of the abundances of trapped noble 
8 
gases with those in the atmosphere can be used to look for (ii) equili-
bration with atmospheric noble gases. We therefore undertook this 
study to measure the abundance and isotopic composition of the noble 
gases in a lava rock from this region of New Mexico. Mr. Craig B. 
43 
Jones of the Capulin Mountain National Monum.ent, Capulin, New 
Mexico, kindly provided us a large specimen (::::: 2 kg) of lava rock from 
the Mt. Capulin creater cone. The age of this cone has been estimated 
14 9 
from C dating to be between 4, 400 and 10, 000 years . 
The abundances and isotopic compositions were measured in 
two samples of the lava rock. To m .inimize surface contamination the 
samples were taken from the interior of the specimen provided by 
Mr. Jones, and the samples were not crushed prior to gas extraction. 
The samples were mounted in the upper chamber of water-cooled 
-8 
quartz extraction bottle, the pressure reduced to ::::: 1 x 10 torr, and 
the system blank measured by collecting and analyzing the gases gen-
erated by heating the em.pty molybdenum crucible to the highest extrac-
. 0 
t1on ternperature, ::::: 1700 C. After the system blank had been reduced 
to an acceptable level, the sample was dropped into the degas sed 
molybdenum crucible and the gases extracted by stepwise heating. 
Extraction temperatures of 600°, 1200° and 1700° C were used for Sam-
ple I (18.164 g) and 800° and 1700° C were used for Sample II (15. 864 g), 
and the sample maintained at each temperature for 30 minutes. The 
gases released at each temperature were cleaned, separated and ana-
10 
lyzed by the procedures described earlier . Standard volumes of air 
(::::: 0. 01 cc STP) were analyzed before and after the analysis of each 
sample to determine the sensitivity and mass discrimination of the 
nnass spectrometer. 
44 
NOBLE GAS ABUNDANCES 
The am.ounts of noble gases released at each extraction tern-
perature are shown in Table 1, together with the uncertainties in the 
gas abundance measurements due to variations in the sensitivity of the 
mass spectrom.eter. The m .ass spectrometer signals for the 1700° C 
system blanks have been converted to effective gas contents (cc STP/g) 
and these are shown in the column to the right of the one showing the 
0 
gases released from. the sample at 1700 C. The isotopic compositions 
0 0 0 
of the blanks were atmospheric, and blanks at 600 , 800 and 1200 C 
4 h . 6 0 0 were negligible except at He. Blanks on t e latter at 00 , 800 and 
1200°C were::::: 0. 75 of their value of 1600°C. The relatively high blank 
level for He probably results from the diffusion of He into our glass 
vacuum system during the extraction and cleaning of gases. The total 
content of each noble gas, corrected for blanks, is shown on the bottom 
line in Table 2. 4 In computing the totals we considered only the He 
released at 1700° C, since the amounts of released at lower tempera-
4 
tures were approxim.ately equal to the He blank level. 
. 40 40r 
The amounts of rad1ogenic Ar, Ar, computed by assuming 
11 
nonradiogenic argon to be of atmospheric composition , are shown in 
the bottom line of Table 1. 40r The observed amounts of Ar are about 
400 . 40r tlmes the amount of Ar which could be generated in pure potas-
sium over the time period reported for the age of the lava flow 9 . We 
40r 
interpret this as evidence of incomplete loss of Ar from the magma. 
These results appear to meet the first criterion noted above for using 
45 
noble gas analyses on these lava rocks to test the magmatic origin of 
129 
radiogenic Xe in co
2 
gas from New Mexico. 
To look for evidence of equilibration of atmospheric noble gases 
with those in the lava rocks, we cornpare the abundance pattern of 
trapped noble gases in the lava rock with that in the atmosphere. For 
. 12 
this purpose we employ the method of Canalas ~ al. , who defined a 
f f F m, ractionation actor, as 
Fm = m 130 m 130 ( X/ Xe) l /( X/ Xe) . 
samp e cosm1c 
where mX is any noble gas isotope of mass number, m, and cosmic 
13 
abundances are those given by Suess and Urey 
( 1 ) 
m . 
The values of log F vs mass number are shown 1n Fig. 1 for 
14 
noble gases in the lava rocks (Table 1) and in the atm.osphere • Rela-
tive to the atmospheric abundances of noble gases, the average value 
m 84 22 
of F in the lava rocks for Kr is lower by a factor of 3 and for Ne 
it is higher by a factor of 15. Within experimental uncertainties, the 
m 36 4 
F values of Ar and He are identical to those in the atmosphere, 
m 4 . but the values of F for He 1n the lava rocks may not be significant 
4 
due to the large amounts of He in our blanks and to its natural produc-
tion in a-decay. In the following discussion on relative abundances of 
4 
noble gases, we will write ( He) as a reminder of uncertainties in the 
concentration of 4 He trapped in lava rock. 
Considering the evidence for incom.plete degassing of noble 
gases from these lava rocks, i.e., the large amount of "parentless" 
46 
40rA 
r, differences in the abundance patterns of noble gases in the lava 
rocks and in the atmosphere may be attributed to either (i) the absence 
of any significant exchange of noble gases between the lava rocks and 
the atmosphere, or (ii) to preferential exchange of the lighter noble 
gases through the rock. The former view suggests that the hot magma 
36 
contained noble gases with a Kr/Xe ratio lower, and Ar/Kr and 
Ne/Kr ratios higher than the values of t:,.ese ratios in the atmosphere. 
Such an abundance pattern of noble gases is characteristic of that 
found in gas-rich meteorites, and the discovery of this abundance pat-
tern in lava rocks from the sea floor has been interpreted as evidence 
15-17 
of primordial rare gases from the Earth's mantle . The other 
view suggests that preferential leakage of the lighter noble ga~~es 
m 
through the rock has increased the values of F for He, Ne, and Ar 
over those originally in the hot magma, but the value of Fm for Kr is 
still lower than that in the atmosphere due to a relatively slow leakage 
rate for the heavier noble gases. In either case it appears that the 
bulk of the Xe presently in the lava rock was originally in the hot mag-
ma, i.e., equilibration with atmospheric Xe has not occurred. Thus 
our results appear to meet the second criterion noted earlier for using 
noble gas analyses on these lava rocks to test the magmatic origin sug-
129 
gested for radiogenic Xe 1n co
2 
gas from this area. 
Th . h' h s 18 d . d f h e equat1on w 1c uess er1ve to it t e atmospheric abun-
dance pattern of noble gases can be written 1n terms of the fractiona-
· f Fm. t1on actor, 
47 
-log Frn = lOe -(0. 045)rn _ lOe-(0. 045)130 (2) 
This equation defines a fractionation pattern sim.ilar to that shown by 
the solid line in Fig. 1 for atmospheric noble gases. The dashed line 
in Fig. 1 was calculated from_ the above equation, altered to fit the ob-
84 
served value of -log F = 0. 5 by changing the constant in the exponent 
from (0. 045) to (0. 0327). Thus, the dashed line is an estimate on the 
4 22 36 
maximum amounts of trapped ( He), Ne and Ar which might be ex-
84 130 
pected to accompany the amounts of Kr and Xe trapped from the 
magma calculated by assuming (i) that the latter two gases have not 
leaked into the lava rock, and (ii) that the abundance pattern of gases 
in the magma would have been altered by fractionation effects similar 
to those which fractionated the atmospheric noble gases. According to 
m 4 
this view differences between the observed values of F for ( He), 
22 36 m 
Ne, and Ar and the values of F indicated by the dashed line are 
due to preferential leakage of these lighter gases through the rock. 
36 22 
These differences indicate that ::::: 90o/o of the Ar and ::::: 99o/o of the Ne 
4 
and ( He) presently in the lava rocks have leaked in from the atmo-
sphere. 
There are two recent reports which seem to support the view 
that lighter noble gases preferentially leak into natural glasses. The 
m 4 22 . 
F values for He and Ne 1n glassy outer portions of deep- sea ba-
m 4 22 
salt, TW 4-15, are much higher than the F values for He and Ne 
in the interior portions of the same basalt pillow15 , as might be 
48 
expected from preferential leakage of lighter noble gases into the ba-
salt. Also a recent report
8 
on noble gases in Thailand tektites shows 
a large excess of neon, but it was shown, from the diffusion coefficient 
19 19, 20 21 
of neon in tektite glass and from the K-A.r and fission track 
age estimates of Thailand tektites, that the high neon content could re-
sult from diffusion of atmospheric neon into the tektite. Since the iso-
topic ratios of Ne and Xe in the atmosphere are distinct from those in 
22 23 
meteorites or that imbedded 1n lunar fines from the solar wind, 
we will consider the results of our isotopic analyses on noble gases in 
Mt. Capulin lava rocks before further examining the noble gas contents 
. 16, 17, 24 
in terms of the log-log plots employed by Ftsher , Dymond and 
15 25 
Hogan and Phinney . 
ISOTOPIC ABUNDANCES 
The isotopic composition of the noble gases released from Mt. 
Capulin basalt are given in Table 2. No attempt was made to measure 
3 
He, and there have been no corrections for blanks. The errors 
represent one standard deviation (rr). The ratios are atmospheric with-
in± 2CT, except for an obvious excess of radiogenic 40 Ar and perhaps a 
slight depletion of the heavy xenon isotopes in the 1700° fraction of 
Sample I and a slight enrichment of the light xenon isotopes in the 1700° 
fraction of Sample II. 
The main objective of this investigation, to look for radiogenic 
129 




gas, was not realized. However, the presence of "parentless" 
40r Ar 1n those samples and the low Kr/Xe ratio compel us to conclude 
that the Xe originated in the magma. 129 The absence of radiogenic Xe 
h ·1 h d. · 
129x · h o in t ese samp es suggests t at ra 1ogen1c e 1n t e C 2 gas may 
carne from some source other than hot magma, and since we have 
1 
shown that it did not come from decomposition of limestone , it ap-
pears that other origins for the C02 gas itself should be considered. 
Leakage of C0
2 
from an astenosphere which contains a co2 -rich liquid 
26 
phase appears to be a reasonable alternative which could account for 
both the high C0 2 content of the gas and the presence of the decay pro-
129 
duct of extinct I in gas pockets presently trapped within the Earth's 
crust. 
The isotopic ratios shown in Table 2 contain no evidence of 
solar-type noble gases, except for the slight enrichment of the light Xe 
isotopes and depletion of the heavy Xe isotopes in the 1700° fractions. 
A mixture containing atmospheric Xe: solar Xe = 9: 1 could account for 
the isotopic ratios in Xe released from both samples at 1700°C. Be-
cause of the very small differences between atmospheric Xe and that 
released from Mt. Capulin basalt at 1700° C, caution should be exer-
cised in interpreting our results as evidence of primitive Xe within the 
Earth. And the isotopic ratios of the lighter noble gases appears to be 
atmospheric. 
50 
ORGIN OF NOBLE GASES: ATMOSPHERIC VS SOLAR 
Previous observations cited as evidence that oceanic lava 
rocks contain primitive gases from the Earth's mantle include (i) the 
similarity between the abundance pattern of noble gases in some lava 
15-17 
rocks and that in meteorites , (ii) the strong contrast of this abun-
15,16 ... dance pattern with that in the atmosphere , (111) the fact that sim-
ple fractionation of atmospheric noble gases could not simultaneously 
produce higher values for the Ne/Xe ratio and lower values for the 
15 
Kr /Xe ratio , and (iv) failure of noble gas ratios in some lava rocks 
to lie along equilibrium correlation lines defined by Henry con-
31, 32 
stants for the solubility of atmospheric noble gases into a 
15-17 
melt . 
Fisher 24 first used the correlation of noble gas ratios for 
36 
Ar, 
Kr, and Xe on log-log plots to differentiate between noble gases sorbed 
from the atmosphere and noble gases from a solar (primordial) source. 
15 16 
Subsequently Dym.ond and Hogan and Fisher used these plots, and 
one involving Ne, to show that the noble gases contents in some deep-
sea lava rocks did not fit the equilibrium correlation line for sorption 
of atmospheric noble gases. For any four noble gases, a, b, c, and 
d, the concentration ratios, Ca/Cb, Cc/Cd, etc., in a melt at equilib-
rium with an atrnosphere having partial pressures, p , p , p , and pd 
a b c 
are defines by24 ' 31 ' 32 
51 
= 
where r is the atomic radius of the noble gas, a, etc. 
a 
(3) 
Fig. 2 and Fig. 3 compare the noble gases in Mt. Capulin lava 
rocks with the equilibrium lines defined by Eq. (3) for noble gases 
14 
sorbed from the Earth's atmosphere and from an atmosphere con-
13 
taining cosm.ic abundances of noble gases Values of atomic radii 
given by Pauling 33 , 1.12 A, 1. 54 A, 1. 69 _A, and 1. 90 A for Ne, Ar, 
Kr, and Xe, respectively, were used to calculate the solid lines. 
These two figures give the noble gas ratios employed earlier by 
F . h 16' 17' 24 d b D d d H 15 d . . h d 1s er an y ymon an ogan to ist1ngu1s primor ial 
from atmospheric gases. Since the slope which we calculated from 
36 
Eq. (3) for the plot of log (Kr/Xe) vs log ( Ar/Kr) is significantly 
16, 24 . 25 . 
steeper than shown by Fisher and Ph1nney , and s1nce differ-
ences in the slopes may lead to different conclusions about the origin 
. 16' 24' 2 5 f 
of noble gases in certain samples, the1r value or the slope 
has been shown in Fig. 2 by the dashed lines. Experimental values 31 
for the solubility of He, Ne, and Ar in enstatite melts, and extrapo-
31 
lated values for the solubility of Kr and Xe, have been used to calcu-
late the noble gas ratios in a melt which sampled gases from the 
atmosphere, and these ratios agree with the solid equilibrium lines. 
All of the noble gas ratios in Fig. 2 represent terrestrial sam-
ples, except for two data points representing the Bruderheim 
52 
34 22 
chondrite and the Murray carbonaceous chondrite . The ratios of 
these three heavier noble gases in terrestrial samples lie on both 
sides of the atmospheric equilibration line, with the gases in three 
12 12 
shale samples and the coal sample lying close to that expected 
from sorption of atmospheric gases. Noble gases in seven basalt sam-
24 
ples analyzed by Fisher are generally to the left of the atmospheric 
equilibration line, and noble gases in tektites 8 , in samples from the 
16, 24 
Vema Fracture Zone of the Atlantic , in glassy outer portions of 
basalts from mid-ocean ridge15 , and in the Mt. Capulin basalts are 
generally to the right of the atmospheric equilibration line. One view 
of the data shown in Fig. 2 is that those terrestrial samples lying be-
tween the atmospheric and the cosmic equilibration lines may have 
sampled a mixture of atmospheric and primordial gases with the 
15-17 
Earth • 
All of the nonradiogenic noble gases, including Ne, have been 
included in Fig. 3. Fewer data are presented here due to the absence 
of Ne analyses on the coal, several shale samples, or basalts from 
Verna Fracture Zone of the Atlantic. The noble gas ratios in Mt. 
Capulin basalts, as well as in the Bruderheim and the Murray chon-
drite, lie close to the ratios expected from equilibrium with cosmic 
noble gases. However, all of the noble gas ratios in the terrestrial 
samples shown in Fig. 3 lie to the left of the air equilibration line, and 
many are shifted far to the left of the line which defines equilibration 
with cosmic abundances of noble gases. In view of the fact that the 
53 
terrestrial samples, which lie to the left of the cosmic equilibration 
line in Fig. 3, lie between the atmospheric and cosmic equilibration 
lines in Fig. 2, it seems that the position of these noble gas ratios in 
Fig. 2 does not necessarily indicate equilibration of the melts with a 
15-17 
mixture of primordial gases and the atmosphere . Rather it ap-
pears that the low Kr/Xe ratios shown in Fig. 2 may result frorn the 
fact that the Kr /Xe ratio for the Earth is appreciably lower than the 
12 
Kr /Xe ratio for the atmosphere, as has been noted earlier , and the 
high Ne/Kr ratios shown in Fig. 3 may result from. the preferential 
leakage of Ne into igneous rocks which form near the Earth's surface 
and have very little indigenous noble gases. The failure of noble gas 
ratios in these terrestrial samples to correlate along a line parallel to 
those drawn through atmospheric and cosmic ratios in either Fig. 2 or 
Fig. 3 casts doubts on the validity of a model which assumes that the 
noble gas ratios represent a state of equilibration, as defined by Eq. 
(3). Rather, our measurements on the abundances and isotopic compo-
sitions of noble gases 1n Mt. Capulin basalts suggest that although the 
isotopic compositions of the trapped noble gases are mostly atmo-
spheric, the relative concentrations of the noble gases do not reflect 
the state of equilibrium defined by Eq. ( 3). 
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4He X 109 1.11 
(cc STP/g) ±0.01 
22Ne x 109 0.013 
(cc STP/g) ±0.001 
36Ar X 109 0.021 
(cc STP/g) !0.001 
84Kr x 1011 0.031 
(cc STP/g) ±0.001 
130Xe X 1013 0.48 
(cc STP/g) ±0.02 
40rAr x 109 
---
(cc STP/g) 
Noble Gases Released from Lava Rock, Mt. Capulin Crater Cone 
I I Blank I I I I I I 
18.164g 18. 164g ---- 18.164g 15.865g 15.865g 
1200° c 1700°C 1700°C L:800°-1700°C 800°C 1700°C 
1. 29 2.67 1. 32 .::; 1. 35 0.84 1. 63 
±0.02 ±0.03 ±0.02 ±0.05 ±0.03 ±0.06 
0.58 1. 59 0.022 2.16 0.33 2.24 
±0.02 ±0.05 ±0.001 ±0.07 ±0.01 ±0.02 
0.64 1. 21 0.020 1.85 0.026 2.98 
±0.04 ±0.08 ±0.001 ±0 .12 ±0.002 ±0.18 
0.40 0.95 0.017 1. 35 0.25 1. 96 
±0.01 ±0.03 ±0.001 ±0.04 ±0.07 ±0.53 
0.47 1. 63 0.15 2.43 0.37 3.34 
±0.02 ±0.08 ±0.01 ±0.13 ±0.02 ±0.20 
3.65 100.3 --- 104 0. 54 112 
































Table 2 Isotopic Compositions of Noble Gases Released from Mt. Capulin Lava Rocks 
Sample I I I I I II AIR SOLAR 
Weight 18.164 g 18.164 g 18.164 g 15.865 g 15.865 g 
Temperature 600°C 1200°C 1700°C 800°C 1700°C 
20Ne/22Ne 
--- 9.77 ±0.03 9.87±0.03 9.80 ± 0. 04 9.84 ± 0.03 9.81 13.0 
21Ne/22Ne 
--- o. 0289 ± o. 0001 0.0290 ± 0.0001 o. 0290 ± 0. 0001 0. 0290 ± o. 0001 0.0290 0.033 
38Ar/36Ar 
--- 0.184 ±0.002 0.188 ± 0. 002 0.188 ± 0.001 0.187 ±0.001 0. 187 0.185 
40Ar/36Ar 
--- 301.2 ± 1.1 378.4 ± 2.0 316.3±1.0 333.0±0.9 295.5 5 0.6 
78Kr/84Kr 
--- --- 0.0062 ± 0.0001 --- 0. 0065 ± 0. 0002 0.0062 0.0064 
80Kr/84Kr 
--- 0.0394 ± 0.0005 0.0400 ± 0.0003 0. 0398 ± 0. 0002 0. 0396 ± 0. 0005 0.0396 0.0401 
82Kr/84Kr 
--- 0. 200 ± 0.001 0.202±0.001 0.201±0.001 0. 201 ± 0. 001 0.202 0.202 
83Kr/84Kr 
--- 0. 200 ± 0.001 0. 202 ± 0.001 0. 201 ± 0. 001 0.201 ±0.001 0.202 0.202 
86Kr/84Kr 
--- 0.306 ± 0.001 0.304 ± 0.001 0.305 ± 0.001 0.305 ± 0.001 0.305 0.304 
124Xe/130Xe 
--- --- 0.0239 ± 0.0004 --- 0.0243 ± 0.0003 0.0235 0.0273 
126Xe/130Xe 
--- --- 0.0224 ± 0.0003 --- 0. 0226 ± 0. 0002 0.0221 0.0261 
128Xe/ 130Xe 
---
--- 0. 478 ± 0.005 --- 0. 483 ± 0. 004 0.470 0.506 
129xe;130xe 6.45 ± 0.03 6.45 ± 0.03 6.49±0.03 6.511: 0. 04 6. 47 ± 0. 02 6.48 6.32 
131Xe/130Xe 5.17 ± 0. 06 5.16 ± 0.03 5.17 ± 0.02 5.20 ±0.05 5.16±0.03 5.19 5.01 
132Xe/ 130Xe 6. 57± o. 05 6.60 ± 0.03 6. 55± 0.01 6.59 ± 0.05 6.53±0.03 6.59 6.13 
134Xe/130xe 2.56±0.01 2.55±0,02 2.52 ± 0.01 2. 54± 0.04 2.54±0.02 2.56 2.29 
136Xe/130Xe 2.18±0.01 2.17 ± 0.01 2.14 ± 0.01 2.16±0.01 2.16±0.02 2.17 1. 87 
The isotopic compositions of atmospheric Ne, Ar, Kr and Xe are from refs. 27, 11, 28 and 29, respectively, and the 





Fig. 1. Log fractionation factor versus mass number. The solid line 
shows the abundance pattern of noble gases in the atmosphere, the 
dashed line shows the abundance pattern calculated by modifying Suess' 
18 
equation to fit the Kr/Xe ratio in the lava rocks, and the open circles 
represent noble gases in Mt. Capulin lava rocks. 
Fig. 2. A comparison of noble gas ratios in Mt. Capulin lava rocks 
and in other material. The two solid lines define the ratios to be ex-
pected in rocks which sample atmospheric and cosmic abundances of 
noble gases, and the dashed lines have the slope employed by Fish-
16, 24 25 
e r and Phinney e, Coal12 , Murray carbonaceous chondrite 22 , 
34 8 
Bruderheim chondrite , Thailand tektites . Mt. Capulin lava rocks, 
31 . 12 24 
and enstaitate melt ; 0, Shales ; •, Basalts from Pacific sea-
mount and Nigeria; X, Basalts from mid-ocean ridge reported to con-
15-17 14 
tain primordial noble gases ; ..6., Air ; 0, Cosmic. 
Fig. 3. A comparison of noble gas ratios in Mt. Capulin lava rocks 
and in other material. The solid lines were calculated from Eq. (3) 
and define the noble gas ratios in samples which have equilibrated with 
14 13 
gases having atmospheric and cosmic abundances. The symbols 
are the ones used in Fig. 2. 
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NOBLE GASES IN C0 2 WELL GP.~.S, HARDING COUNTY, 
NEW MEXICO 
E. Y.r. Hennecke and 0. K. Manuel 
63 
Chernistry Departm.ent, University of Missouri, Rolla, Missouri 65401 
A.bstract 
The abundance and isotopic composition of noble gases were 
determined in samples of C02 well gas from Harding County, New 
Mexico. 
129 
Our results confirm the presence of radiogenic Xe and fis-
131-136 
siogenic Xe. Relative to noble gases in air, the CO 2 gas is 
selectively depleted in the lighter weight, nonradiogenic noble gases, 
except at neon. It is suggested that loss of atmospheric neon into 
space could account for an apparent excess of neon in juvenile gases. 
64 
1. Introduction 
About 12 years ago Butler et al. [1] reported a small excess of 
129 131-136 
Xe (~ 2o/c enrichrnent) and fission produced Xe (:::::: 8o/o enrich-
136 
m .ent of Xe) in co
2 
well gas from Harding County, New Mexico. 
129 
They considered different mechanisms for the production of Xe and 
concluded that the 129xe anom.aly, if real, was due to the decay of 
129 
extinct I. M.ore recently, Boulos and Manuel [2, 3] repeated the 
isotopic analysis of xenon in C0 2 gas from this region and reported a 
129 
clear excess of Xe (:::::: lOo/o enrichment) accompanied by fission-
131-136 
produced Xe. These studies [1-3] found higher enrichments of 
131 132 . . 238 
Xe and Xe than expected from the spontaneous f1ss1on of U [4], 
and it was noted [2, 3] that the excess heavy xenon isotopes could be 
accounted for by a component of fission-produced xenon from extinct 
244Pu [5]. 129 . 6 244 The xenon decay products of I (t.!. = 16 x 10 yr) and Pu 
2 
(t 1 = 82 x 10
6 
yr) have been found in meteorites [6, 7], and the discovery 
2 
of decay products from these extinct radioactivities in terrestrial rna-
teria1 furnishes direct evidence that the formation of the Earth did not 
appreciably postdate the formation of the meteorites [8]. 
Recently the relative abundances of noble gases in deep sea 
basalts have been interpreted as evidence of primitive noble gases 
leaking from the Earth's interior [9-11]. The potential utility of radio-
129 131-136 
genic Xe and fissiogenic Xe as tracer isotopes for studies of 
events in the early history of the Earth has been noted earlier [1-3], and 
the basalt studies demonstrate the need for information on the relative 
65 
abundances of noble gases in the C0 2 well gas which contains the de-
cay products of extinct radioactivities. In view of the significant role 
which noble gas isotopes, and especially the stable xenon decay 
129 244 
products of I and Pu, have played in our understanding of the 
early chronology of events for meteorites and for the elements from 
which they formed, we undertook this study aimed at measuring the 
abundance and isotopic compositions of all the noble gases in the co
2 
well gas. 
2. Experimental methods 
Six aliquots of a large sample of C0 2 gas which had been col-
lected at the same well analyzed by Boulos and Manuel [2] were used 1n 
this study. The large gas sam.ple was collected in a steel container 
with high pressure valves at each end. This container was attached via 
threaded steel pipes to the well outlet, and the container flushed for 30 
minutes with well gas before filling to the wellhead pressure of 480 lbs. 
-2 in. (32. 7 atm). The pressurized container was transferred to the 
laboratory, where the procedures described in a previous report [12] 
were followed in preparing aliquots of the well gas in Pyrex vials with 
break- seals. Small volumes of gas (~ 1. 8 cc STP) were prepared for 
measurements of the abundance of each noble gas and for isotopic anal-
yses of He, Ne, Ar, and Kr. Large volumes of gas (~ 75 cc STP) were 
prepared for isotopic analysis of xenon. 
66 
The vials containing aliquots of well gas were connected to the 
glass sample system via break- seals, and the pres sure reduced to 
-9 . 0 ~ 10 torr by baking the sample system overn1ght at 350 C. Prior to 
sample analysis the sample systern was isolated from pumping, and 
the system blank for each noble gas was m .easured by analysis of gases 
generated by following the same clean-up procedure to be used for the 
sample. 
The general procedure used for clean-up and separation of noble 
gases is an follows. A glass encased iron slug is used to break the 
glass seal so that gases are released into that part of the sample sys-
tem used for preliminary cleaning. Here the gases are cleaned on 
CuO at 500° C and then react with a Ti /Z r "getter" at 850° C. A trap 
cooled with solid C0
2 
is used to trap less volatile contaminants re-
maining after this preliminary cleaning, and the gases are then trans-
£erred into a second chamber of the sample system by adsorption on 
charcoal cooled with liquid N 2 . These two sections of the sample 
system are connected through a bakable, metal bellows valve. After 
closing this valve the gases are driven from the charcoal and scrubbed 
0 
on a fresh Ti/ Zr "getter" surface at 850 C. Selective adsorption of 
gases on charcoal is used to separate these into four sue ce s sive frac-
tions (first He and Ne, thenAr, next Kr, and finally Xe) for admission 
into a Reynolds-type mass spectrometer [13]. After each fraction had 
been adm.itted into the mass spectrometer, the secondary sample sys-
tem was pumped for 15 minutes to remove gases from that fraction 
67 
which remained. The system was then isolated from pumping and the 
next fraction released from the charcoal for admission into the mass 
spectrometer. 
Two of the small gas samples, C-1 and C-3, were cleaned by 
the above procedure. The procedure followed for the third small gas 
sample, C-4, was modified by using a charcoal trap cooled with liquid 
N
2 
to retain Ar, Kr, and Xe in the preliminary clean-up system. The 
more volatile gases, including He and Ne, were transferred to the 
secondary clean-up chamber, scrubbed on Ti/Zr, and admitted to the 
spectrometer for analysis. The charcoal trap on the preliminary 
clean-up system was heated to drive off Ar, Kr, and Xe. The metal 
bellows valve was then opened, and the gases were transferred into the 
secondary clean-up chamber, where they were cleaned and separated 
by the general procedure described earlier. 
Two of the large gas samples, C-5 and C-7, were cleaned and 
separated by the standard procedure with the following modifications. 
The He, Ne, Ar, and most of the Kr were pumped from the secondary 
clean-up system for one hour prior to the second scrubbing on hot 
Ti/ Zr. During this time the charcoal was maintained at the freezing 
point of mercury. The third large sample, C- 6, was cleaned by a pro-
cedure similar to that used for C -4. A charcoal trap on the prelimi-
nary clean-up system was maintained at the sublimation temperature 
of C0 2 and the system pumped for 30 minutes to remove He, Ne, and 
68 
Ar. The Kr and Xe were then transferred to the secondary clean-up 
system, cleaned and separated by the standard procedure. 
0 
The gases were analyzed statically in a 4. 5 inch, 60 sector 
mass spectrometer fabricated of glass [13]. The mass spectrometer 
was calibrated before and after each sample by analyzing small vol-
umes of air (~ 0. 01 cc STP) by the same procedures of clean-up and 
analysis as used for the sample. The isotope ratios have been cor-
rected for mass discrimination, and the errors reported for the 
isotope ratios represent one standard deviation (a-) from the least 
squares line through the observed ratios as a function of residence 
time in the mass spectrometer. Due to variations in the sensitivity of 
the mass spectrometer for the various clean-up and separation proce-
dures and to the extremely low concentrations of noble gases in these 
samples, the gas content as determined by the peak-height method has 
an estim.ated error of± 30o/o. 
3. Results and discussion 
3. 1. Isotopic composition of xenon 
The results of our analyses on xenon in the three large samples 
of C0 2 well gas are shown in Table 1. Atrnospheric xenon [14] and the 
results of previous analyses [1, 2] on xenon in C0 2 gas from this region 
of New Mexico are shown for comparison. The isotopic ratios of xenon 
in the three analyses reported here are identical at the lcr limit, and 
are in general agreement with the xenon isotopic ratios reported 
69 
earlier. The samples C-5, C-6, and C-7 were analyzed over a two 
year period, dispersed between analyses of lunar, meteoritic, and 
other terrestrial samples, under different operating and focusing con-
ditions of the mass spectrometer. The consistency of the isotopic 
composition of xenon in these three measurements confirms the results 
of earlier analyses and effectively eliminates the possibility that these 
anomalies might result from interference, contamination, or unusual 
focusing conditions of the mass spectrometer. 
Sample C-7 was analyzed after analyses of neutron-irradiated 
iodine [15], and rnernory effects caused interference at masses 126 and 
128. In order to minimize residence tim.e of the sample in the mass 
spectrometer during analysis, we did not sweep across this region to 
124 
measure Xe. The volume of gas analyzed and the concentrations of 
the reference isotope are shown near the bottom of Table 1. The 130xe 
contents of C-5 and C-7 are shown in italics to indicate that these 
130 
values of Xe may be lower due to loss of xenon during the one hour 
pumping period discussed in the section on experimental methods. 
The excesses, 
1 & , of the heavy xenon isotopes at rnas s numbers, 
i = 131-136, were calculated relative to atmospheric xenon [14], 
= 
i 130 
( Xe/ Xe)co 
2 
i 130 ( Xe/ Xe)A. 1r ( l) 
i 136 
Fig. 1 shows the values of & / & for the six C0 2 samples, and corn-
pares these with the values expected from the spontaneous fission of 
238 u [4] and 244Pu [5]. A h b f th 1 · · ·ld f t eac mass nurn. er or e re at1ve y1e s o 
70 
the heavy xenon isotopes in C0 2 gas are shown in Fig. 1 in the same 
order as in Table 1, i.e., sam.p1e C-5 is on the left and Mitchell No. 7 
is on the right. 
131 
Our results confirm the relatively high yields at Xe 
132 
and Xe reported earlier [1-3]. Although we were able to reduce the 
statistical errors on the yields, our results do not rule out the possi-
131-136 
bility that m .ost, if not all, of the excess Xe is from the spon-
238 
taneous fission of U. Possible sources for the anomalous yields at 
131 132 244 
Xe and Xe other than the spontaneous fission of Pu include 
131 132 
preferential release of fission-produced Xe and Xe from uranium 
m.inerals [16] or trapped xenon with an isotopic composition similar to 
that observed in other natural gases [12]. The relatively low yield at 
134 
Xe appears to rule out any appreciable contribution from neutron-
induced fission of 
235
u [1]. 
3. 2 Isotopic composition of neon, argon, and krypton 
The results of our isotopic analyses for neon, argon, and kryp-
ton are shown in Table 2. 
20 
The value for Ne in C-1 is not reported 
40 +2 
due to interference from Ar ions. A better separation of Ne from 
40 +2 
Ar was achieved for sample C- 3, and no correction for Ar was 
needed. The electron ionization voltage was reduced from 78 ev to 30 
ev for the analysis of neon in C-4. This ionization voltage prevented 
th f · f 40A +2 b d d h . . . f h e ormation o r ut re uce t e sens1bv1ty o t e mass spec-
t 21 . "bl rometer making Ne measurements 1mpos s1 e. No isotopic analyses 
on xenon were attempted on these small samples of co
2 
gas, and C-3 
was used only for analyses of helium, neon, and argon. 
71 
h h f d . 40A 40r Due to the ig concentrations o ra 1ogenic r, Ar, the 
40 + 
very intense beam of Ar causes a rapid build-up of memory effects 
36 38A d . 
at Ar and r ur1ng the analysis of argon in the C0
2 
gas. Since 
this effect was not observed in blank analyses, or in the analyses of 
air spikes, it is not possible to make a quantitative correction for this 
effect. 
38 36 
Therefore, Table 2 shows only upper limits on the Ar I Ar 
40 36 
ratios, and lower limits on the Ar/ Ar ratios. 
From the isotopic analyses shown in Table 2, it appears that 
21 
neon in the co 2 gas contains a definite excess of Ne and perhaps an 
20 
excess of Ne. These may result from mass-dependent fractionation 
processes [18] or from reactions induced by a-decay [19]. The isotopic 
40 
spectra of argon is dominated by Ar, which prevents the detection of 
36 38 
any small isotopic anomalies of Ar or Ar. The isotopic composi-
tion of krypton appears to be identical to that in air, within the± 2 {) 
limit. 
21 
In view of the fact that an enrichment of Ne has been observed 
in many gas wells [12, 20, 21], it seems reasonable to conclude that our 
results (Table 2) show no unusual isotopic anomalies of the light noble 




3. 3. Abundance pattern of noble gases 
The concentrations of noble gases 1n the C0 2 well gas are given 
in Table 3. No attempt was made to measure the concentrations of Kr 
and Xe in C-3, and the xenon 1n C-4 was accidently lost during the anal-
ysis. 4 40 The noble gases in C0 2 gas are prim.arily He and Ar; the sum 
72 
of the other 19 noble gas isotopes measured in this study account for 
no more than 0. 05o/o of the noble gas atoms in the C0 2 well gas. The 
concentrations of noble gases shown in Table 3 are in good agreement 
with the results of previous analyses [1-3, 22, 23] on C0
2 
well gas from 
4 
Harding County, New Mexico, except at He where others [22, 23] re-
4 
port about 30 times more He than we observed. Since our sample 
system. and mass spectrom.eter are fabricated of glass which is perme-
able to helium and since we did not use isotope dilution to measure the 
4 
amounts of He, the other helium determ.inations [22, 23] are probably 
more reliable. The concentrations of the nonradiogenic noble gases in 
the C0
2 
well gas are 3-4 orders of magnitude lower than in air [17] and 
appreciably lower than the concentrations of nonradiogenic noble gases 
in other natural gas [12, 16, 20-22]. The low concentrations of noble 
gases in C0
2 
well gas clearly demonstrate the potential for atmospher-
ic contamination during collection, preparation or analysis of these 
well gas samples. 
The abundances of all the noble gases were determined in C-1, 
and we employ the fractionations, Fm., of Canalas ~ al. [24] to com-
pare the abundance pattern of noble gases in this sample with that in 
air: 
= (2) 
I · m b1 n equat1on (2) the term X is any no · e gas isotope of mass number m ., 
and the ratio (mx;130xe) . represents the cosm.ic abundances [25]. Cosm1c 
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The values of log Fm for noble gases in sarnple C-1 are com-
pared with those in air [17] in Fig. 2. m 84 The values of F for Kr and 
36 Ar in the co
2 
well gas are each lower than their value in air by a 
m 22 factor~ 3, and the value ofF for Ne is higher than its value in air 
by a factor ~ 3. m 4 Our results indicate a value ofF for He in the co 2 
well gas which is ~ 2000 times its value in air, and the results of other 
4 
studies [22, 23] would yield a value for F which is ~ 60,000 times its 
S . 4 h 4 value in air. 1nce He is produced in a-decay, t e value of F is 
probably not relevant to our understanding of the abundance pattern of 
the nonradiogenic noble gases in C0 2 well gas. 
129 Since C0 2 well gas contains the decay product of extinct I, 
there seems to be little doubt that the xenon in this gas contains a 
primitive (i.e., primordial or juvenile) component which has been 
trapped within the Earth for:::: 4. 5 billion years. The identification of 
a juvenile component of xenon in the C0 2 gas suggests the possibility 
that some of the other noble gases may also be juvenile. If all of the 
nonradiogenic noble gases are juvenile, then the abundance pattern of 
these gases might be used to identify primordial noble gases trapped in 
other terrestrial materials. In light of several recent attempts to use 
the abundance pattern of noble gases in rocks to identify primordial 
gases from the Earth's interior [9-11], we will conside r possible mech-
anism s to account for the abundance pattern of noble gases in the CO 
2 
well gas (Fig. 2). 
74 
First, it should be noted that of the Earth's total inventory of 
noble gases the atm.osphere may be selectively enriched in the lighter 
noble gases due to (a) preferential leakage of lighter noble gases from 
the solid Earth or (b) selective adsorption of the heavier noble gases on 
sedimentary material [18, 24, 26]. m Thus, the lower values ofF for Ar 
and Kr in the co
2 
gas than in the atm.osphere, as shown in Fig. 2, are 
to be expected for residual noble gases in the Earth. And the enrich-
4 . 
ment of He 1n C0
2 
well gas can be understood in terms of natural a-
activity. 
m 
But the higher value of F for Ne in the C0
2 
well gas than in 
the atmosphere cannot be understood in terms of the above processes, 
and the significance of the high Ne/Xe ratio depends critically on 
whether the noble gas concentrations in the C0 2 gas represent an equil-
ibration sampling of some part of the Earth. 




gas having higher F values for Ne than those in the atmosphere. 
For example, preferential leakage of the lighter noble gases into the 
co
2 
gas at its point of origin or during its transport to Earth's surface 
m 
could increase the value ofF for the Ne without having an appreciable 
effect on the Fm values of the heavier noble gases. Preferential ex-
change of lighter noble gases through rocks after the C0
2 
was trapped 
in gas pockets near the Earth's surface would have a similar effect. 
The C0 2 gas used in this study has a natural wellhead pressure of 32.7 
atm.. This pres sure and the noble gas concentrations shown in Table 3 
indicate that, except for 
4
He, the partial pressures of all the noble 
75 
gases in the co
2 
gas are less than 1n air. Thus, exchange of noble 
gases between the well gas and the atmosphere would tend to decrease 
4 
the He content, and to increase the concentrations of the other noble 




However, if all the nonradiogenic noble gases in the co2 gas 
are juvenile, and if the concentrations of these noble gases represent a 
sample which has equilibrated with noble gases from the Earth's inte-
rior, than the high Ne/Xe ratio in the C0 2 gas may contain an import-
ant record of the early history of the Earth and the formation of the 
atmosphere. The noble gases in gas-rich meteorites have higher Fm 
m 
values for Ne and lower F values for Kr than do atmospheric noble 
gases, and the discovery of this abundance pattern of noble gases in 
lava rocks from the sea floor has been interpreted as evidence of 
prirnordial noble gases from the Earth's mantle [9-11]. Earlier 
Canalas ~ al. [24] had noted that the atmosphere may represent only a 
small fraction of the Earth's total inventory of xenon, and if the high 
Ne/Xe ratio in co
2 
well gas and in deep sea basalts actually represents 
the abundance pattern of noble gases in the Earth's mantle, then the 
total terrestrial inventory of neon may be appreciably higher than that 
in the atmosphere. It should be noted that partial degas sing of any part 
of the Earth to form the atmosphere would not be expected to prefer-
entially degas xenon over neon. Thus, the occasion of lower Ne/Xe 
ratios in the atmosphere than in the interior of the Earth would suggest 
76 
either that the atrno sphere did not form by degas sing of the Earth's 
interior, or that subsequent to degassing the atmosphere has selec-
tively lost neon from xenon. The latter possibility was suggested about 
25 years ago by Suess [27]. 
36 
Fisher [28] first used the correlation of ratios of Ar, Kr, and 
Xe on log-log plots to distinguish between noble gases which had been 
entrapped from the atmosphere and the entrapment of primordial noble 
gases from the Earth's mantle. On such a plot Fisher [28] has shown 
that the gas ratios in rocks which have equilibrated with atmospheric-
type noble gases [17] will correlate in a manner which can be predicted 
from the atomic radii of the noble gases, and noble gas ratios in rocks 
which have equilibrated with a gas reservoir having solar abundances 
[25] will correlate in a parallelm.anner along a line passing through the 
noble gas ratios in the sun. Fig. 3 shows the noble gas ratios in co2 
well gas on the log-log plot employed by Fisher [10, 11, 28] and others 
[9, 18]. 
In Fig. 3 the solid lines were calculated from the equation which 
fits the experimental observations of Blander et al. [29] and Kirsten 
[30] for noble gas solubilities in melts. This is the equation used by 
Fisher [28]. Using the atornic radii values from Pauling [31], we obtain 
a much steeper slope than that shown by Fisher. Therefore, his value 
[28] for the slope is shown by the dashed line in Fig. 3. Kirsten's val-
ues [30] for the solubility of noble gases in enstatite melts which equil-
ibrate with atmospheric noble gases and the noble gas ratios in coal 
77 
[24] lie on the solid line pas sing through the atrno spheric point [17] . 
Noble gas ratios in a Pacific seamount [28] lie to the left of this solid 
line, noble gas ratios in shales and cherts [18, 24] lie on both sides of 
this air equilibration line, and the following samples lie below the 
36 
atmospheric point in Fig. 3, indicating Ar/Kr ratios that are equal 
to, and Kr/Xe ratios that are lower than, the values of these ratios 1n 
the atrn.osphere: Deep sea basalts [9-11] which are reported to have 
trapped primordial noble gases, Thailand tektites [32] which are re-
ported to be enriched in light noble gases by diffusion of atmospheric 
gases, the Bruderheirn chondrite (3], the Murray carbonaceous chon-
drite [34], and the C0
2 
well gas. The position of the noble gas ratios 
in some terrestrial samples, between the equilibration lines for atrno-
spheric and solar abundances may indicate the entrapment of a mixture 
of atmospheric and primordial noble gases within the Earth [9-11]. 
All of the nonradiogenic noble gases, including neon, have been 
included in the correlation plot in Fig. 4. All samples shown in Fig. 3 
are included in Fig. 4, provided that the noble gas analyses included 
neon. No neon data were available for coal, for cherts, or for several 
samples of shales and deep sea basalts. However, all available data on 
noble gases in terrestrial rocks appear to lie above the air equilibra-
tion line, indicating an excess of neon, and some lie far above the solar 
equilibration line. In certain cases e. g. the tektites, it seems clear 
that preferential leakage of lighter noble gases into the sample may be 
responsible for the high Ne/Kr ratios [32, 35]. However, Dymond and 
78 
Hogan [9] have argued against fractionation effects causing the high 
Ne/Xe ratios in deep sea basalts, noting that the glassy exterior rims 
4 
had higher concentrations of neon, radiogenic He and radiogenic 
40 36 
Ar, and lower concentrations of the Ar, Kr, and Xe, than the in-
terior region of the sam.e basalt pillow. 
Noble gases 1n the co
2 
gas, as well as noble gases in the 
Bruderheim and Murray chondrites, lie close to the solar equilibration 
line in Fig. 4. This correlation might be viewed as evidence of pri-
mordial noble gases in the C0
2 
wells. However, since noble gases in 
several of the deep sea basalts are shifted further from the air equili-
bration line than are the noble gases in the C0
2 
gas, this interpretation 
of Fig. 4 suggests that the noble gases in these basalts may better rep-




In summary, comparisons of the abundances of the three 
heavier noble gases in air with those 1n the C0 2 well gas and in other 
terrestrial samples show a consistent enrichment of the lighter noble 
gas in air. In Fig. 2, Fig. 3, and Fig. 4 the range of values observed 
36 
for terrestrial samples is (Kr/Xe) ::::= (0.001-l.O)(Kr/Xe) . , ( Ar/Xe) ::::= 
a1r 
36 36 36 (0.001-1.0)( Ar/Xe) . , and ( Ar/Kr) ::::= (0.03-1.0)( Ar/Kr) .. 
a1r a1r 
These data can be understood in terms of the preferential release of 
lighter noble gases to the atmosphere or selective adsorption of 
heavier noble gases on fine grained sediments [24, 26]. However a dif-
ferent pattern emerges when neon abundances are considered. Several 
79 
terrestrial samples, including the C02 gas, have a higher abundance 
of neon relative to the heavier noble gases than does air. Excluding 
tektites, the range of values observed for terrestrial samples is 
(Ne/Kr) ~ (0.03-lOO)(Ne/Kr) . 
a1r 
The high values for Ne/Kr in terres-
trial samples cannot be accounted for by fractionating processes in the 
release of gases to the atmosphere or in the adsorption of gases from 
the atmosphere. The apparent excess of neon into these samples may 
result from selective diffusion of neon into these samples, or fro!TI the 
escape of part of the atmospheric neon from our planet. 
4. Conclusions 
The results of our analyses of noble gases in C0
2 
well gas con-
firm the unique isotopic anomaly pattern reported in xenon [1- 3], in-
129 131-136 
eluding radiogenic Xe and fis siogenic Xe with high yields at 
131 132 
Xe and Xe. The lighter noble gases contain large amounts of 
radiogenic 40 Ar and 4 He, but no other isotopic anomalies were 
21 
observed except for a small excess of Ne. The abundance pattern of 
the three heavy noble gases in co
2 
well gas can be understood in terms 
of fractionation processes in the release of gases to the atmosphere 
and in the adsorption of gases frorn the atmosphere. However, these 
processes cannot account for the relatively high abundance of neon in 
the C0 2 gas. This neon anomaly, which has also been observed in the 
glassy exterior rims of deep sea basalts [9] and in tektites [32], may 
result from selective leakage of neon into these samples or from the 
escape of neon from. the exosphere. 
80 
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TABLE 1 
Isotopic composition of xenon in C02 well gas, Harding County, New Mexico 
Xenon Sampl e Sample Sample Sampl e Sample Mitchell Atmo-
Isotope C- 5 C- 6 C-7 S-1 S-2 ::\o. 7 sphere 
124 
Xe 2. 34 ± o. 05 2. 30 ± 0. 02 
-------
2.35±0.10 2. 41 ± 0. 06 2. 39 ± o. 07 2.35 
126 
Xe 2. 20 ± 0. 05 2. 18 ± 0. 02 
--- ----
2.25 ± 0.10 2. 30 ± 0. 06 2. 17 ± 0. 05 2. 21 
128Xe 46. 3 ± o . 5 46 .9±0.4 
-------
46. 9 ± 0. 5 47.5±0.5 47.3 ± l. 1 47.0 
129 Xe 706 ± 5 702 ± 4 704 ± 4 711 ± 6 707 ± 4 665 ± 7 648 
130 
:100 :Ioo :100 Xe :100 : 100 : 100 :100 
131 
Xe 522 ± 2 523 ± 1 524 ± 2 521 ± 5 524 ± 3 525 ± 4 519 
132 
Xe 678 ± 4 677 ± 2 67 6 ± 3 6 77 ± 6 676 ± 5 672 ± 4 659 
134Xe 277±1 280 ± 2 276 ± 2 278 ± 2 279 ± 3 270 ± 3 256 
136 244 ± 1 246 ± 2 Xe 243 ± I 241 ± 2 245 ± 3 234 ± 3 217 
--------------------------------------------------- --------------------------------
Volume 75.4 76 . 3 77.2 126 78 50 (cc STP) 
130 
-13 5.0xlo- 13 2.5xl0- 13 3.0xl0-13 4. 0 X 10-13 5. 3 X 10-13 Xe Content -9 i. 3 X 10 3. 6 X 10 (cc per cc gas) 
Investigator Th i s Th i s This Boulos & Boulos & Butler et al. Nier 






Isotopic composition of Ne, Ar, and Kr in C0 2 well gas, 
Harding County, New Mexico 




996 ± 9 1038 ± 27 981 
21 
Ne 3.02±0.01 3. 02 ± 0. 01 
-------- 2. 90 
22Ne ::100 ::100 ::100 ::100 
Argon 
36Ar ::1.00 ::1.00 ::1.00 = 1. 00 
38 Ar < o. 22 < 0.23 < 0. 23 o. 19 
40Ar 
> 7,780 > 7,000 > 6,200 296 
-
Krypton 




82Kr 20. 29 ± o. 10 
-------
20. 2 9 ± 0. 11 20.21 
83Kr 20. 16 ± o. 12 
-------






30. 67 ± o. 13 Kr 
-------













Concentrations of noble gases in C02 well gas, 
Harding County, New Mexico 
(cc per cc gas) 
C-1 C-3 C-4 
1.83 X 10 -6 1. 84 X 10-
6 1. 6 2 X 10 -6 
0. 95 X 10- 9 2. 02 X 10 -9 1. 23 X 10 -9 
l. 3 5 X 10 -9 l. 43 X 10 -9 1. 67 X 10- 9 
2. 72 X lQ -5 2.80xl0 -5 2. 8 7 X 10 -5 
3. 54 X 10 
-11 
----------
4. 3 5 X 10 
-11 
5. 67 X 10-13 
---------- -----------
:::~ 




1. 68 X 10 -6 
3. 15 X 10 -5 
9. 30 X 10 -3 
6. 50 X 10 -7 
3. 55 X 10 -9 
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FIGURE CAPTIONS 
Fig. 1. A comparison of excess heavy xenon isotopes in C0 2 well gas 
238 244 
with the fission yields of U [4] and Pu [5]. Excesses of heavy 
xenon isotopes were calculated from eq. (1). From left to right at 
each mass number the C0
2 
well gas samples are C-5, C-6, C-7 (this 
work), S-1, S-2 [2], and Mitchell No. 7 [1]. 
Fig. 2. A comparison of the abundance pattern of noble gases in sam-
ple C -1 (this work) and in air [17]. m . Values ofF are def1ned by eq. (2). 
Fig. 3. Noble gas ratios among the three heavy noble gases in co
2 
well gas and in other material. The two solid lines define ratios to be 
expected in melts which have equilibrated with reservoirs of noble 
gases having atmospheric [17] and solar [25] abundances. The dashed 
lines show values of these slopes employed by others [10, 18, 28]. Sym-
bols and sources of data are as follows: E: enstatite melt [33]; S: 
solar [25]; T: Thailand tektites [32]; B: Bruderheim chondrite [33]; M: 
Murray carbonaceous chondrite [34]; C: coal [24]; 6 air [17]; 0: 
shales and cherts [18, 24]; e: deep sea basalts reported to have pri-
mordial noble gases (9-11]; • : Pacific seamount reported to have 
equilibrated with atmospheric noble gases [28]. 
88 
Fig. 4. Noble gas ratios of Ne, Ar, Kr, and Xe in C0 2 well gas and 
in other material. Symbols and sources of data are as given for 
Fig. 3, except that no neon data were available from the following anal-
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NOBLE GASES IN AN HAWAIIAN XENOLITH 
E. W. Hennecke and 0. K. Manuel 
Nuclear Division 
Department of Chemistry 
University of Missouri 
Rolla, Missouri 6 5401 
Abstract. Analyses of noble gases in a peridotite xenolith from the 
Kaupulehu flow (1801) of Hualalai volcano, Hawaii, reveal radiogenic 
93 
129 129 Xe from the decay of extinct I. The relative abundances of non-
radiogenic Ne, Ar, and Kr in the xenolith are those expected in a melt 
which equilibrated with atmospheric noble gases, but Xe is ten times 
higher than expected from equilibration of atmospheric gases with a 
melt. 
>:~ 
Research supported by the National Science Foundation Grant No. 
NSF-GA-16618, l. 
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The abundance and isotopic composition of the noble gases pro-
vide an excellent record of geological events. Because of the chemical 
inertness and gaseous nature of these elements, they were strongly 
depleted from solid planetary material in the early history of the solar 
system. As a result of the low concentrations of noble gases remain-
ing in planetary solids, their isotopic composition has been easily 
altered by many nuclear processes which have occurred since the sepa-
ration of these inert gases frorn the more condensable elements. The 
noble gas record in meteorites and lunar samples has been the subject 
of many investigations aimed at determining their age, the history of 
their exposure to cosmic rays and to the solar wind, and the early 
. 1 
chronology of events 1n the solar system Information on the latter 1s 
contained primarily in the isotopes of xenon, where the decay products 
129 244 
of extinct I and Pu provide a record of the synthesis of our ele-
2 
ments and the early history of planetary solids . 
Compared to numerous studies of the noble gas record in mete-
critic and lunar samples, there have been relatively few detailed 
studies of noble gases in terrestrial samples. However, these studies 
have revealed the following pertinent characteristics for the noble gas 
record of terrestrial and extraterrestrial samples. 
1. The nonradiogenic noble gases in typical chondrites 3 have 
values for the Kr: Xe, Ar: Xe, and Ne: Xe ratios which are:::::: 10-1, 
10 -3 -4 -5 ~ , and :::::: 10 -10 , respectively, of the values estimated for un-
. 4 fractionated cosm1c elements . This fractionation is understood in 
95 
terms of the preferential retention of the heavier noble gases with 
planetary solids. 
2. The abundance pattern of noble gases in lunar fines and 
breccias and in the dark regions of certain brecciated meteorites 
shows less fractionation, due to a component of solar-wind implanted 
gases. However, these samples show a preferential depletion of the 
lighter noble gases, and often the Kr/Xe ratio is not distinguishable 
3 
from that found in typical chondrites . 
3. Noble gases in the Earth's atmosphere also show a prefer-
ential depletion of the light weight noble gases up to krypton, but no 
5 
separation of krypton from xenon . The Ne: Ar: Kr ratio in air is 
similar to that in normal chondrites, but the Kr: Xe ratio 1n air is ~ 10 
times the Kr/Xe ratio found in extraterrestrial samples. The high 
Kr/Xe ratio in air is believed to result from the selective adsorption of 
. 6 
xenon on fine grained surfaces of sed1ments . 
4. 
129 244 
The decay products of extinct I and Pu have been 
2 
found in meteorites and in lunar samples , but the only clear evidence 
for these decay products in terrestrial samples comes from isotopic 
7 
analyses of xenon in C0 2 well gas . 
5. The noble gas ratios in glassy portions of some deep- sea 
basalts have been interpreted as evidence of primordial noble gases 
8 
from the Earth's mantle . These investigations did not include isotopic 
analyses of the noble gases, but the results appear to substantiate the 
major conclusion from sediment analyses6 , i.e., the Xe: Kr ratio 
96 
within the Earth is much higher than that in the atmosphere. Many of 
the glassy deep- sea basalts which were analyzed for neon revealed 
Ne: Kr ratios that are one or two orders of magnitude higher than the 
Ne: Kr ratio in air or in ordinary chondrites. This was not anticipated 
8 
from sediment analyses, and Dymond and Hogan have suggested that 
the contrast between the noble gas patterns in air and in these glassy 
deep- sea basalts irnplies effective decoupling of the mantle and the 
atmosphere. 
The interpretation of the noble gas abundance pattern in deep-
sea lava glass as evidence that the mantle may contain a higher Ne: Kr 
ratio than that in the atmosphere is particularly perplexing if one ac-
cepts that the atmosphere was produced by partial degassing of the 
Earth's interior 9 . In view of the possibility that the abundance pattern 
of noble gases in the mantle m .ight be altered in melting, in transport 
of molten m.antle material to the surface, or in subsequent exchange 
with atmospheric noble gases, it seemed desirable to determine the 
isotopic composition and abundance pattern of noble gases in samples 
which were brought to the surface as solid nodules. The recent dis-
covery of the decay products of extinct radioactivities in high-purity 
C02 well gas made volcanic xenoliths containing high-purity inclusions 
of liquid C0
2 
seem particularly attractive for our study. 
The noble gases were extracted from samples taken from the 
interior of a large peridotite xenolith (~ 0. 5 kg) which had been brought 
to the surface by the 1801 Kaupulehu flow of the Hualalai volcano, 
97 
Hawaii. The xenolith is composed of large olivine crystals (~ 1-10 
mrn), which density measurements and x-ray analysis indicate to be 
magnesium-rich, approaching forsterite. The Hawaiian xenoliths are 
characterized by an abundance of inclusions of liquified C0 2 , up to 3o/c 
10 
by volume (0. 50/t by weight) . These inclusions have been shown to 
4 40 4 40 
contain radiogenic He and Ar with a low He: Ar ratio as might be 
11 
generated from a source of chondritic composition 
Two relatively large samples were used in this study. Sample 1 
(21. 307 g) and sample 2 (15. 136 g) were each single pieces taken from 
the interior of the xenolith to minimize the effects of surface related 
alterations of the indigenous noble gases. To insure complete autono-
my of samples and to guard against the possibility of a systematic 
error, as m_ight arise from "memory'' effects in the system, the two 
sam.ples were analyzed several months apart. Samples of other mate-
rial were analyzed in the interim. The gases were collected and 
analyzed using two different extraction temperatures, ~ 600°C and 
0 ~ 1700 C. Each extraction temperature was maintained for 30 minutes, 
and the sample completely melted at the high extraction temperature. 
The procedures used in our laboratory for extraction, clean-up, and 
analysis of noble gases have been described earlier
12
. The sensitivity 
of the spectrometer for each noble gas and the mass discrimination 
across the isotopes of each noble gas were determined by analyses of 
standard volumes of air (~ 0. 01 cc STP) before and after analysis of 
each sample. 
98 
The concentrations of noble gases found in these samples are 
presented in Table 1, and their isotopic compositions are given in 
Table II together with the isotopic composition of atrnospheric noble 
13 
gases The isotopic ratios have been corrected for mass discrimin-
ation and the errors on the isotopic ratios are one standard deviation 
(o-). The gas concentrations, measured by the "peak-height" method, 
. 4 
are estlmated to have an error of± 20o/c, except at He where the pos-
sibility of systematic errors from leakage of helium through our glass 
vacuum system and through our glass air standards make these num-
4 
bers meaningful only for comparisons to other He concentrations 
measured in our laboratory. . 4 Due to the production of He by ex-decay, 
its concentration in the xenolith provides no useful information on the 
abundance pattern of nonradiogenic noble gases within the Earth. 
To compare the abundance pattern of the nonradiogenic noble 
gases in the xenolith with that in other terrestrial materials, we define 
a fraction factor, fm, relative to 36Ar, 
f m = m 36 m 36 ( X/ Ar)S l /( X/ Ar)A. 
amp e 1r (1) 
where X represents a nonradiogenic noble gas isotope of mass number, 
m. 
14 m 
For atmospheric noble gases f := l. 00 at all values of m, and for 
all samples f 3 6 := 1. 00. 
Fig. 1 compares the values of fm for noble gases 1n the xenolith 
with values of fm for noble gases in Fig Tree Shale15 and 1n an enstatite 
16 
melt which equilibrated with atmospheric noble gases The relative 
99 
abundances of noble gases in Fig Tree Shale show the effect of pre£-
6 
erential adsorption of the heavier noble gas . This abundance pattern 
was the first clear evidence that the Xe: Kr ratio in air might be ap-
preciably lower than the Xe: Kr ratio for the Earth's total inventory of 
15 
noble gases The relative abundances of the nonradiogenic Ne, Ar, 
and Kr in the xenolith show an opposite trend to that in shale; there is 
an enrichment of the lighter noble gases. Here the gases match the 
abundance pattern expected in a melt which has equilibrated with a gas 
reservoir having the relative abundances of Ne, Ar, and Kr that exist 
14 
in the present atmosphere . However, at Xe the trend is reversed, 
and the xenolith has ::::: 10 times more Xe than expected in a melt which 
has equilibrated with atm.ospheric noble gases. This apparent excess 
of Xe in the xenolith can be understood in terms of the selective deple-
6 
tion of atmospheric Xe by adsorption . In summary, the abundance 
pattern of noble gases in the xenolith suggests that the relative abun-
dances of Ne, Ar, and Kr in the atmosphere are a fair representation 
of these noble gases within the Earth, but the Xe: Ar ratio in the Earth 
1s about an order of magnitude higher than the Xe: Ar ratio in th e atmo-
sphere. Thus, the abundance pattern for the total terrestrial inventory 
of noble gases appears to be very similar to that in typical chondrites 3. 
The isotopic composition of noble gases in the xenolith, as 
129 
shown in Table II, displays a clear excess of Xe and a small excess 
136 
of Xe which is too low to permit a determination of the fission 
yields. The isotopic compositions of the other noble gases reveal no 
100 
40 
anomalies, except for radiogenic Ar. The relatively high concentra-
40 
tions of Ar interferred with measurements of other isotopes of argon 
40 + 
and neon. The high beam intensity of Ar ions caused a rapid build-
36 38 40 ++ 
up of "memory" peaks at Ar and Ar, and Ar ions interferred 
20 
with the Ne measurement. For these reasons the isotopic cornposi-
tion of neon is not reported in Table II, and only upper limits are given 
38 36 
for the Ar: Ar ratio. 
The enrichment at 129xe, ~ 4- 5o/o, is greater than that observed 
17 . . 1n any well gas except 1n the C0 2 gas from Hard1ng County, New 
Mexico, and the enrichment of 129xe in the xenolith is almost twice as 
18 
large as that first observed in the C0 2 well gas Possible origins 
129 7 for excess Xe in co
2 
well gas have been considered elsewhere , and 
129 
the conclusion that this represents the decay product of extinct I 
applies equally well to the xenolith sample. The xenolith sample thus 
represents the first terrestrial rock in which the decay product of an 
extinct radioactivity has been identified. 
Th f h d . · 129x · h 1· h d e site o t e ra 1ogen1c e 1n t e xeno 1t was not eter-
4 40 
mined, but the report of radiogenic He and Ar in the inclusions of 
11 7 129 
xenoliths and the reports of radiogenic Xe in C0
2 
well gas sug-
gest that the occurrence of this decay product in terrestrial samples 




Green has noted 
that Hawaiian xenoliths may come from depths as great as 60 km, and 
suggested the possibility of a C0 2 charged astenosphere as a source 
for the co 2 -rich fluid inclusions in xenoliths. Green's model implies 
101 
that the solid Earth is effectively capped against diffusive outgassing 
by the co
2 
astenosphere, a result which might account for the terres-
1 f d · · 
12 9x · h o Th f h · tria association 0 ra 10gen1c e Wlt . C z• e presence 0 t lS 
129 . 6 . . . decay product of I (t 1 = 17 x 10 yrs) 1n the xenol1th 1s further 
~ 
evidence that the formation of the Earth did not appreciably postdate 
the formation of meteorites. It also indicates that the xenolith sam-
pled juvenile noble gases from the Earth's interior, and thus lends 
credence to our use of the noble gases in the xenolith to decipher the 
abundance pattern of noble gases within the Earth. 
We wish to thank Professor H. W. Green II of the University of 
California, Davis for providing us with the xenolith sample. 
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Table I. Noble gas concentrations in xenolith (cc STP/gram) 
Noble Gas Sample 1 (21. 307 g) Sample 2 (15. 136 g) 
::::; 600°C ~ l700°C ::::; 600°C ::::; 1700°C 
4 
He 7. 4 X 10-
10 2. 1 X 10 -8 8. 1 X 10-10 2. 8 X 10 -8 
22Ne 5. 2 X 10 -12 6. 5 X 10 -11 5. 6 X 10 -12 5. 4 X 10 - 11 
36 Ar 3. 7 X 10 -11 3. 9 X 10-10 1. 6 X 10 
-11 
3. 6 X 10 -10 
40Ar l. 1 X 10 -8 l. 3 X 10 -6 4. 7 X 10 -8 1. 6 X 10- 6 
84Kr 3. 2 X 10-13 5. 5 X 10-12 1. 2 X 10 -13 5. 2 X 10- 12 
130Xe 5. 5 X 10 15 l. 2 X 10 -13 3. 4 X 10- 15 1. 3 X 10 -13 
105 
Table II. Isotopic composition of noble gases in xenolith 
Gas Sample 1 Sam:ple 2 
a Isotope (melt) (melt) Atmosphere 
36Ar - 1. 000 - 1. 000 - 1. 000 - - :;:: -
-
38Ar < 0.212 < 0.209 0. 187 
40Ar 3' 3 28 ± 6 4, 437 ± 14 296 
80 
Kr 3. 96 ± 0. 05 4. 04 ± 0.04 3.96 
82Kr 20. 3 ± 0. 1 20. 3 ± o. 1 20.2 
83Kr 20. 2 ± 0. 1 20. 1 ± o. 1 20.2 
84Kr 
= 100 - 100 = 100 --
86Kr 30. 6 ± 0. 1 30. 5 ± o. 1 30.6 
124 2. 38 ± o. 03 Xe 
------ 2.35 
126Xe 





Xe 673 ± 3 677 ± 2 648 
130 
Xe = 100 = 100 = 100 
131 
Xe 518 ± 2 518 ± 2 519 
132 
658 ± 2 Xe 658 ± 3 659 
134 
Xe 258 ± 2 259 ± 2 256 
136 
Xe 220 ± 2 221 ± 1 217 
a £ . See Re . 13. 
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Fig. 1. A comparison of the noble gas abundance pattern in xenolith 
h h . . 
14 
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Spallation Produced Anomalies in Krypton and Xenon 
From a Greenland Anorthosite 
E. W. Hennecke and 0. K. Manuel 
Department of Chemistry 
University of Missouri 
Rolla, Missouri 65401, U.S.A. 
ABSTRACT 
Krypton and xenon from an anorthosite sample of the West 
108 
Greenland Friskenaesset region contain excesses of the neutron-poor 
isotopes due to spallation reactions on strontium. and barium. 
109 
1 
Recently Jeffery reported unusual isotopic anomalies 1n xenon 
which had been extracted from a sample of calcic anorthosite of the 
1 
West Greenland Friskenaesset region. Jeffery suggested that the 
anomalous xenon observed in one rock (No. 86 943) was sim.ilar to that 
2-4 
observed earlier in gas wells 
5 
However, Boulos and Manuel 
pointed out that the anomalous xenon in gas wells could be accounted 
for by a com.bination of spontaneous fission products with mass £rae-
tionated atmospheric-type xenon, but they noted that this mechanism 
132 
could not account for the extremely high enrichment of Xe reported 
1 
in the Greenland anorthosite . 
The origin of the anomalous abundance pattern of xenon iso-
topes in the Greenland anorthosite seemed to warrent further investi-
gation in view of the importance attached to anorthosites of this type in 
6 
comparisons of the early history of the Earth and the Moon. Olsen 
has noted that the chemical composition of anorthosites is similar to 
that observed in rocks on the lunar highlands 
7
, and O'Hara 8 suggested 
that some anorthosites might be reworked slices of the Earth's pri-
mordial crust. Windley9 endorsed this view, noting that the Group III 
anorthosites (the layered calcic anorthosites that occur in the 
Fiskenasset region, ~rest Greenland, and in the oldest parts of the 
Archaean cratons) are extremely similar chemically to lunar anortho-
. 10 
s1tes and are of great age (3, 000-3, 500 m. y. ). He suggested that the 
sirn.ilarities between lunar and terrestrial Group III anorthosites may 
110 
result from parallel early stages of development of the Earth and the 
Moon. 
A sample of anorthosite rock No. 86943 from the West Green-
land Fiskenaesset region was obtained from Dr. B. F. Windley of the 
Greenland Survey, in cooperation with Dr. P. M. Jeffery of the Uni-
versity of Western Australia. In view of the relatively low xenon con-
1 
tent which Jeffery reported in this rock, a large piece of the rock 
weighing 10. 597 g was used in our analysis. The sarnple was heated 1n 
a previously degassed molybdenum crucible to successively higher 
0 . 0 0 . 
temperatures of 800 , 1200 and 1600 C 1n order to selectively release 
the gases from different sites. The gases were scrubbed and analyzed 
11 
statically in a Reynolds-designed glass mass spectrometer , in the 
12 
manner de scribed previously The results of our analysis are given 
1n Table 1. 
Measurement of the isotopic composition of Xe was the major 
objective of this study, and our attempts to also measure the isotopic 
composition of the other noble gases was only partially successful. 
Th h . h . f th d. . 
40A . h h · · e 1g concentrat1ons o e ra 1ogen1c r 1n t e anort os1te 1nter-
fer red with reliable measurement of the nonradiogenic Ar isotopes. 
The radiogenic 40 A r also inter£ erred with isotopic analysis of neon, 
40 ++ 
caused by a contribution of A.r ions to the same ion current (m / e = 
20 + 
20) as the Ne ions. The data shown in Section B and Section C of 
Table 1 demonstrate a depletion of Ne and Kr from Xe, relative to the 
. . 15 
abundances of these gases 1n a1r From our results it is not possible 
1 1 1 
0 
determine if the nonradiogenic Ar is depleted frorn Xe in the 800 and 
0 40 1600 fractions, but there is a clear enrichment of radiogenic Ar in 
the gases released from the anorthosite at all extraction temperatures. 
In Table 1 the isotopes of Xe are normalized to the m .ost abun-
130 
dant (3-shielded isotope, Xe, in order to look for fission products 1n 
131-136 
the heavier isotopes, Xe. The isotopes of Kr are normalized to 
86 86 
Kr, since any contribution of fission products to the Kr would be 
136 
negligible in view of (i) the small fractional enrichments in the Xel 
130 16 136 86 
Xe ratios, (ii) the higher fission yield at Xe than at Kr, and 
86 136 (iii) the higher concentration of Kr than Xe in the anorthosite. 
The isotopic anom.alies of Xe and Kr in anorthosite are shown 
as per mil enrichments relative to atmospheric Xe and Kr in Table 2, 
where 
J i 86 i 86 } 
= 1.[( Krl Kr)An.l( Krl Kr)Air] - _!_ X lOOOOioo ( 1 ) 
and 
fr i 130 i 130 } 
= l_[ ( X e / X e) An. I ( X e I X e) A i r] - _!_ X 1 0 0 0 ° I o o (2) 
The largest isotopic enrichments of the two heavy noble gases 
in anorthosite occur among the neutron-poor isotopes, in krypton at 
78 126 
Kr and in xenon at Xe. Pronounced enrichments in the natural 
abundances of these isotopes are predicted for high energy spallation 
t . 17 d l . . 1 . f 78K d 126 reac 1ons , an arge 1sotop1c anoma 1es o r an Xe have been 
. .1 b d . t . 18 . l f 19 prev1ous y o serve 1n me eor1tes , 1n unar sur ace material , and 
in laboratory targets of Sr and Ba which had been irradiated with 
112 
2 0, 21 Th 7 8 K 1 . f 11 . high-energy protons . e excess r resu t1ng rom spa at1on 
reactions in these materials is always accompanied by smaller frac-
tional enrichrn.ents of 8 °Kr, and still smaller fractional enrichments of 
82 83 
Kr and Kr. However, the krypton released from anorthosite at 
0 80-83 0 800 C appears to be depleted in the isotopes, Kr, and at 1200 C 
. 78 
where the largest enr1chment of Kr occurs, there is little or no en-
82,83 
richment of the isotopes, Kr. 
The isotopic anomaly pattern among the xenon isotopes in 
anorthosite also seems to conflict with that expected from nuclear pro-
cesses. In the heavy isotopes the presence of xenon from the span-
. . 238 . . 132 136 
taneous f1ss1on of U 1s expected to y1eld 
1300 I 1300 = 0. 2 (ref. 16), 
132 136 
whereas in the anorthosite 1300 I 1300 varies from 0. 2 to 0. 4. And if 
the anomalies among the light isotopes of Xe result from spallation-
126 
type reactions, then the large excess of Xe should be accompanied 
b . h . 12 4x . h 12 4 1 12 6 0 ( f . 8 ) y an enr1c ment 1n e, w1t 1300 1300 = 0. 5- . 7 re . 1 -21 . The 
124 126 
excess light xenon isotopes in anorthosite have values of 1300 11306 = 
0.1-0. 4. 
Since the per mil enrichments of Kr and Xe isotopes calculated 
from Eq. (1) and Eq. (2) cannot be understood in terms of the addition 
of specific isotopes from natural nuclear processes to atmospheric-
type Kr and Xe, it seem.s appropriate to consider other isotopic compo-
sitions for Kr and Xe which are trapped in anorthosite. In this regard, 
we note that mass-dependent fractionation processes are now recog-
nized as the source of many differences in the isotopic composition of 
113 
22, 23 . . . 24, 25 1 26, 27 
noble gases 1n various meteor1t1c , unar , and terres-
1 5,28,29 trial samp es . The selective depletion of the lighter, nonra-
diogenic noble gases in anorthosite, as noted earlier in discussing the 
gas contents in Table 1, and the apparent depletion of the light-weight 
80-84 86 . krypton isotopes, Kr, from Kr 1n the gases released from 
0 
anorthosite at 800 C (See Table 2) suggest the possibility that the trap-
ped Kr and Xe in anorthosites may be enriched in the heavy isotopes in 
the manner expected from. mass fractionation. 
To see if the isotopic anom.aly pattern in Table 2 could be re-
solved into a fractionated trapped component and enrichm.ents of cer-
tain isotopes from natural nuclear processes, the & values for Kr and 
Xe released at each extraction temperature were exarnined graphically 
in the manner shown in Fig. 1 for the Xe released at 1600° C. The solid 
line represents the composition of atmospheric Xe, and the dashed line 
1 
shows one plausible family of & values which might represent trapped 
xenon that had been selectively enriched in the heavier isotopes by 
9°/oo per mass unit. The deviations of the light isotopes from the 
general anomaly pattern expected from mass-fractionation are shown 1n 
Table 3, together with the deviations expected from spallation-type re-
actions. 
The addition of spallation products to natural Kr and Xe caus e 
78 126 
the largest fractional enrichments in the Kr and X e isotopes. In 
Table 3, the isotopic anomalies which remain in Kr and Xe after sub-
traction of fractionated trapped gases have been normalized to the 
114 
78 126 
anornalies at Kr and Xe, respectively. For comparison purposes, 
18-21 
known spallation yields have been expressed as fractional enrich-
ments in the isotopes of atmospheric-type Kr and Xe, with the spalla-
78 
tion component in Kr normalized to the fractional enrichment of Kr 
and the spallation component in Xe normalized to the fractional enrich-
126 
ment of Xe. The extent of isotopic fractionation which was assumed 
for the trapped component in each temperature fraction is shown below 
the isotopic anomalies of that noble gas. 
24,29 
Earlier studies have 
shown variations in the degree of isotopic fractionation in the noble 
gases released at different extraction temperatures. 
From the comparison shown in Table 3, we conclude that most 
of the anomalous abundance pattern of Kr and Xe isotopes in our sam-
ple can be accounted for by the addition of spallation products to mass 
fractionated Kr and Xe. 
128 
There remains a small excess of Xe, of 
129 
uncertain origin, and perhaps an excess of Xe. The latter could be 
due to an in situ process or to the incorporation into the anorthosite of 
'l 129 f h . 'll 5 anoma ous Xe, o t e type seen 1n gas we s . 
Although this study provides no detailed information on the 
nature of the irradiation which induced the spallation reactions in an-
orthosite, it appears that the cosmic rays responsible for spallation 
products in meteorites and in lunar samples rnay also produce spalla-
tion products in old, terrestrial san1ples which have resided near the 
Earth's surface. 30 For example, Reedy and Arnold indicate an attenu-
2 
ation mean free path of 155 g/crn for cosmic rays with energies above 
115 
1 Gev/nuc1eon. For this attenuation, the atrnosphere would be expected 
-3 
to reduce the cosmic ray flux at the Earth 1 s surface to ~ 10 of the 
flux at the top of the atmosphere. 
31 
Windley cites spectrographic data 
by H. Bollingberg indicating that the anorthosites frorn West Greenland 
are enriched in Sr (100-400 ppm) and Ba (40-100 pprn), target ele!Ylents 
which would produce spallogenic Kr and Xe. The average production 
126 
rate of spallogenic Xe from Ba in 31 lunar rocks is approximately 
-9 l26 32 
1. 3 x 10 cc STP Xe per g Ba per million years . The total ex-
126 -15 
cess Xe released from the anorthosite sarnple, 6. 8 x 10 cc STP/g, 
a median value 31 for the Ba content, 70 ppm, and an approxirnate age 9 
126 -14 
of ~ 3, 330 m. y., yield an average Xe production rate of 2. 9 x 10 
126 
cc STP excess Xe per g Ba per million years. A corr1parison of this 
126 
production rate with the production rate of spallogenic Xe in lunar 
32 
rocks indicates that the average shielding for this terrestrial anorth-
osite has exceeded the average shielding for the 31 lunar rocks by about 
2 
1. 7 kg/ em . The bulk of this difference in shielding can be accounted 
2 
for by the Earth's attnosphere, which is equivalent to 1 kg/ern at sea 
level. 
It should be noted that the production rate which we have used 
126 32 
for Xe from Ba on the ITioon was based on an assurr1ption that the 
lunar rocks were only exposed to cosmic rays for the latter part of 
their total age. However, this assumption may not be valid, since the 
126 
excess Xe in both anorthosite and in lunar rocks m.ay represent an 
accumulative production over the entire age of the rocks. The 31 lunar 
116 
-7 126 
rocks have ~ ( 0 . 2- 6 . 5 ) x 10 c c S T P ex c e s s X e per g B a and the 
anorthosite has 
-10 126 ~ 1 x 10 cc STP excess Xe per g Ba. Since the 
9 
anorthosite and the lunar rocks have similar total ages , the average 
126 
production rate of Xe from Ba in the lunar rocks over their entire 
126 
age is about 1000 times the average production rate of Xe from Ba in 
the anorthosite. The difference in production rates is close to that ex-
pected from the increased shielding of terrestrial samples by the 
Earth's atmosphere, if the irradiation has the attenuation mean free 
path of cosrn ic rays. 
While this rnanuscript was 1n preparation, measurern ents by 
Srinivasan (private communication) also showed the presence of spallo-
genic xenon from reactions on terrestrial barium in an old barite sam-
ple. 
This investigation was supported by a grant from the U.S. 
National Science Foundation, NSF -GA-16618, 1. We thank Dr. B. F. 
Windley of the Greenland Survey and Dr. P. M. Jeffery of the Univer-
sity of Western Australia for their assistance in providing this sample 
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Table l Noble Gases in ..A.northosite 
Isotope 
-·-
A. Isotopic Composition of Xenon and Krypton 
2. 045 ± 0. 031 
12.91±0.15 
64. 81 ± o. 38 
64. 81 ± 0. 34 





647. 5 ± 2. 2 
= 100 
519.6± 1.8 
662.3 ± 2.6 
257.0±2.1 
220. 0 ± 1. 0 
< 8 x to- 11 
< 6o x w- 10 
:::::40 X 10- 6 
9. 4 x 1o-12 
5. 7 x 1o- 13 
< 140 
< 11 X L0 3 
::::7 X 10 7 
16. 5 
= 1. 00 






2. 397 ± 0. 031 
2.531± 0.053 
49. 02 ± 0. 24 
649. 0 ± 1. 6 
= 100 
520.5±2.3 
664. 9 ± 2. 6 
258.8±0.7 
223.4± 0.7 
2. 326 ± 0.020 
13.53±0.07 
66. 83 ± 0. 96 
66. 50 ± 0. 51 
326. 5 ± 1. 3 
= 100 
2. 492 ± 0. 041 
2. 724 ± 0. 033 
49. 00 ± 0. 44 
649. 5 ± 1. 8 
= 100 
520. 2 ± 1. 9 
665. 8 ± 3. 8 
263. 3 ± 1. 9 
228.3 ± 0.8 
B. Gas Content cc STP/g 
<14x1o- 11 
< 5 X 10- 10 
5.6xto- 6 
2. 7 x 1o- 12 
4. 3 X l0- 13 
< 8 x to- 11 
< 100 x w- 10 
99 x w- 6 
14 x lo- 12 
7.7xlo- 13 
C. Relative Gas Abundance 
< 330 
< 1 X 103 
1.3 X 107 
6. 3 
= l. 00 
< 100 
< 13 X 10 3 
13 x w7 
18. 3 

















2.43 x w- 2 
7. 1 7 
1. 53 x lo- 4 
2. 74 x to- 6 
451 
8. 9 X 10 3 
0.26 X 107 
55.8 
= l. 00 
The isotopic compositions of krypton and xenon in air are from reports by Nie£13 
d N. 14 
an 1er , respectively, and the atmospheric abundances of noble gases are 
from a report by Verniani15 
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Table 2 Per Mil Enrichments of Krypton and 
-·-Xenon Isotopes in Anorthosite ,,, 
Isotope 800°C 1200° c 1600° c 
78Kr 14 ± 15 221 ± 28 154 ± 10 
80Kr 
-4 ± 12 65 ± 15 44 ± 5 
82Kr 
-20 ± 6 0 ± 3 10 ± 15 
83Kr 
-18 ± 5 -1 ± 3 8 ± 8 
84Kr 
-6 ± 2 0 ± 2 -2 ± 4 
86Kr 
= 0 = 0 = 0 
124 
Xe 12 ± 13 19 ± 17 59± 21 
126 
Xe 29 ± 17 147 ± 26 235 ± 20 
128 
Xe 31 ± 11 42 ± 6 42 ± 10 
129 
Xe -1 ± 5 2 ± 4 2 ± 4 
130 
Xe = 0 = 0 = 0 
131 
Xe 1 ± 4 3 ± 5 2 ± 4 
132 
Xe 5 ± 5 9 ± 5 10 ± 6 
134 
Xe 4± 8 11. ± 3 29 ± 8 
136 
Xe 12 ± 5 28 ± 3 50± 4 
>:::: 
Calculated from Eq. (1) and Eq. (2) in text. 
Table 3 Residual Isotopic Anomali e s in Krypton and Xenon from 
.Anorthosite and the Isotopic Anomalies Expected from Spallation 
Anorthosite 
Isotope 800° 1200° 
78Kr = 100 = 100 
80Kr 48 ± 26 40 ± 7 
82Kr 0 ± 1 1 11 ± 2 
83Kr 
-6 ± 10 8 ± 1 
84Kr 7 ± 4 6 ± 1 
86Kr 
= 0 = 0 
fractionation 5°/oo 8°/oo 
per amu 
Anorthosite 
Isotope 800° 1200° 
124xe 66 ± 45 31 ± 11 
126xe = 100 = 100 
l28xe 95 ± 51 32 ± 6 
l29xe 5 ± 13 6 ± 3 
130xe 3 ± 2 ± 0 
131 Xe 0 ± 11 1 ± 5 
132xe 5 ± 13 l ± 3 
134xe 
-8 ± 22 -4 ± 2 
136xe 3 ± 1 5 1 ± 3 
fract i onation 
2°/oo 5°/oo p e r amu 
··-Results reported by Marti~ al. 18 
+Results reported by Funk~ al. 20 
t Results reported by Mar ti ~ al. 19 
# 21 
Results reporte d by Funk and Rowe . 
SEallation 
1600° ··- Sr+ Meteorite 
= 100 = 100 = 100 
37 ± 3 43 37 
14 ± 8 13 8 
11 ± 4 17 8 
3 ± 2 2 
= 0 = 0 = 0 
4°/oo 
SEallation 
1600° -.- Ba # Meteorite 
43 ± 8 55 68 
= 100 = 100 = 100 
24 ± 4 7 5 
6 ± 2 0.4 
2 ± 0 2 2 
- 1 ± 2 2 
- 1 ± 2 0. 3 0.2 
- l ± 4 0.04 





















Fig. 1. A comparison of isotopic anomalies in xenon released at 1600°C 
with atmospheric xenon (solid line) and with atmospheric-type xenon 
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A Comparison of the Noble Gases in Three 
Meteorite Specimens Labeled Springfield 
E. W. Hennecke and 0. K. Manuel 
Chemistry Department, University of Missouri, Rolla, Missouri (USA) 
Abstract 
The abundance and isotopic composition of the noble gases were 
measured in three Springfield specimens identified by the Denver 
Museum of Natural History with numbers 7029, 379.13 and 6040. The 
latter specimen contains more cosmogenic noble gas isotopes than the 
other two specimens and the abundance pattern of trapped noble gases 
in specimen # 6040 is distinct from that in the other two specimens. 
Specimen # 7029 contains about seven times as much radiogenic 40 Ar 
d b f . h d" . 129 an a out our hmes as muc ra 1ogen1c Xe as does specimen 
# 379.13. 
126 
The chemical inertness and volatility of the noble gases caused 
them to be highly depleted from more condensable material when 
planetary solids were formed in the solar system. As a result of this 
separation, these gases hold important clues of many nuclear and 
physical processes which have occurred in planetary solids. 1 Bogard 
gives a review of the numerous investigations undertaken to decipher 
the noble gas record of lunar and meteoritic samples. 
In addition to providing a record of nuclear processes, the 
noble gases have been altered by fractionation processes. In 1949, 
Suess 2 and Brown3 independently noted that the Earth's inventory of 
noble gases, when compared with the solar abundance of these ele-
ments, showed a preferential loss from. terrestrial material of the 
gases lighter than krypton. The trapped noble gases in stone mete-
4,5 
orites display a similar fractionation pattern , except that the frac-
tionation extends to xenon. In typical chondrites the Kr : Xe, Ar : Xe 
-1 -3 -4 -5 
and Ne: Xe ratios are ~ 10 , ~ 10 and ~ 10 -10 , respectively, of 
solar values. 
This study of the abundance pattern and isotopic composition of 
. 6 
noble gases in the Springfield stone n1eteorite, wh1ch Hey classifies 
as a crystalline spherical olivine-hypersthene chondrite, was under-
taken to see if there were differences in the noble gas records of three 
specimens identified by the Denver Museum of National History with 
numbers 7029, 379. 13 and 6040. 
127 
Measurements 
The samples of Springfield were furnished to us for a coopera-
tive study by Mr. Jack Murphy of the Denver Museum_ of Natural His-
tory. The name, number and weight of each sample used in this study 
are as follows: FIRST ANALYSES: Springfield meteorite # 7029, 
1. 065 g; Springfield meteorite # 3 79. 13, 1. 3 09 g; Springfield meteorite 
# 6040, 0. 5710 g. SECOND ANALYSES: Springfield rneteorite # 7029, 
0 • 54 3 g ; S p r in g fie 1 d m e teo rite # 3 7 9. 13 , 0. 7 9 5 g . 
The samples were mounted in side-arm chambers of a water-
-8 
cooled quartz extraction bottle and the pressure reduced to z 10 torr, 
Following blank and calibration analyses, the sample was dropped into 
a previously degas sed molybdenum_ crucible, where the extraction of 
noble gases was accomplished by heating with radio-induction. The 
procedures used for cleaning and separating noble gases are described 
. .1. 7 1n an ear 1er paper 
In the first series of analyses, the samples were not heated in 
the vacuum system prior to dropping into the molybdenum crucible for 
gas extraction. A single extraction temperature,z 1700°C, was em-
played to melt the sample and release noble gases for analysis. In the 
second series of analyses the samples were preheated overnight at 
- 0 
z 150 C to remove surface adsorbed gases, and the gases were ex-
tracted by stepwise heating. Gases released at a low extraction tern-
perature (::::::: 800° C) were collected, cleaned and analyzed, and then the 
0 
sample was melted by heating to ::::::: 1700 C to release gases for the high 
128 
temperature fraction. The second series of analyses was limited to 
samples # 7029 and # 379.13 due to a limited supply of sam.ple # 6040. 
The gases were analyzed statically in a Reynolds' type 4. 5 
0 8 
inch 60 sector mass spectrometer . The mass spectrometer was 
calibrated before and after each sample by analyzing standard volumes 
of air (:::::: 0. 01 cc STP) by the same procedure of analysis as used for 
the sample. The sensitivity of the mass spectrometer for each noble 
gas and the mass discrimination across the isotopes of each gas were 
calculated by comparing the mass spectrometer signal for the air 
9 d h . . f 10 standards with abundances an t e isotopic cornpos1bons o neon , 
ll 12 13 . . 
argon , krypton , and xenon 1n a1r. No correction for rnass dis-
crimination was applied to helium. Mass spectrometer signals from 
blank analyses, where identical procedures were followed in analyzing 
gases evolved from the hot molybdenum crucible, were negligible rela-
tive to signals from. the samples. 
Results and Discussion 
The results of the two series of analyses are presented In 
Table I and Table II. Errors shown on the isotopic ratios represent 
one standard deviation ((}) from a least squares line through the observ-
ed ratios, plotted as a function of residence time in the mass spectro-
meter. Due to variations in the sensitivity of the mass spectrometer, 
the gas content of each noble gas has an estimated error of± 20o/0 • We 
suspect that the helium concentrations may have a systematic error 
129 
due to leakage of this gas into our air standards. Although the helium 
concentrations shown in Table I and Table II may be too low due to the 
possibility of a systematic error, comparisons of the helium concen-
trations between samples will be valid, subject only to the± 20o/c ran-
dom error. 
1. Helium, Neon and Argon 
Major alterations in the isotopic composition and abundance of 
the light weight noble gases in the three Springfield specimens have 
occurred from spallation reactions. Procedures for separation of 
trapped and cosmogenic components in meteorites are not well defined 
for helium and argon, but the two components of neon can be resolved 
14 
using the three isotope plot employed by Manuel . The isotopic 
ratios of neon in the three Springfield specimens are plotted in Fig. 1 
. 10 14 
together with the isotopic ratios of atmospher1c , solar and cosmo-
. 14 gen1c neon. The neon values plotted in Fig. 1 are average values 
from Table I and the 1700° fractions from Table II. Mass dependent 
processes would cause the isotopic composition of the trapped neon to 
vary along the line pas sing through solar and atmospheric neon 14 , in 
Fig. 1, and the addition of cosmogenic neon would shift the isotopic 
composition toward the upper left corner. Due to the relatively large 
amount of cosmogenic neon in the three Springfield specimens, the 
isotopic composition of the noncosmogenic (trapped) component is not 
well defined. However, the neon in all three specimens can be 
130 
accounted for by a mixture of cosmogenic neon and a component of 
20 21 22 
trapped neon having Ne : Ne : Ne ~ 4. 0: 0. 02: 1. 0. This isotopic 
composition of trapped neon was used to calculate the amount of cos-
21 
mogenic Ne in each sample. The results of this calculation are 
shown in Table III. 
Since three nonradiogenic isotopes are needed to calculate the 
isotopic composition of a trapped component by the method shown in 
Fig. 1, the isotopic compositions of trapped helium and argon in the 
Springfield samples could not be calculated by this procedure. To cal-
culate the cosmogenic component in argon and helium, the observed 
isotopic ratios were resolved into mixtures of a trapped component, 
. 36 38 3 4 -5 
w1th Ar: Ar = 5. 0 and He/ He = 4 x 10 , and a cosmogenic com-
36 38 3 4 
ponent with Ar: Ar = 0. 66 (ref. 15) and He: He = 0.19 (ref. 16). 
4 38 . . The amounts of cosmogenic He and Ar wh1ch these calculations 1n-
dicate to be present in each sample are shown in Table III. Since 
40 36 . . . . 17 40 Ar/ Ar < 1 1n pr1m1bve noble gases , we assumed all of the Ar 
in the Springfield samples to be radiogenic in calculating the amounts 
f d · · 40A h . 'I' bl III o ra 1ogen1c r as s own 1n a e . 
2. Krypton and Xenon 
The results of our analyses of krypton and xenon in the Spring-
129 field meteorites show a clear excess of Xe, the decay product of 
129 
extinct I, in specimens # 7029 and# 379.13, and a small isotopic 
anomalies in the light mass isotopes of krypton. Due to the small con-
131 
centrations of krypton in these samples, reliable isotopic analyses 
were only possible on the two larger samples, specimens # 7029 and 
# 379.13 of the first series of analyses. The krypton spectra in these 
two specimens can be accounted for by a mixture of the trapped kryp-
. 18' 19 . ton observed in average carbonaceous chondrites with krypton 
isotopes produced by exposure to cosmic rays, i.e., those produced 
from spallation- induced reactions on heavier nuclei and neutron-
. b . 20 
capture reactions on romine . The isotopic anomalies of krypton 
are too small to be of value in identifying differences in the exposure 
history of these two specimens of Springfield. However, the amounts 
of radiogenic 129xe are clearly different in the three Springfield 
. T bl III h h f d. . 12 9x . h specimens. a e s ows t e amounts o ra Iogenic e In eac 
sample. . 129 130 These values were calculated by assum1ng that Xe: Xe = 
6. 48 in trapped meteoritic xenon. 
3. Abundance Patterns of Trapped Noble Gases 
Before discussing differences in the noble gas record of nuclear 
processes in the three Springfield specimens, as summarized in 
Table III, let us briefly examine the abundance patterns of trapped 
noble gases. For this purpose we compute values of the fractionation 
lTI. 
factor, F , for a nonradiogenic isotope of each noble gas using the 
21 
equation of Canalas et al. . 
(l) 
132 
In Eq. (1) Xm is any trapped noble gas isotope of m.ass number, ~' 
22 
and cosmic abundances of elements are used to calculate the ratio 
in the denominator. The fractionation patterns for noble gases in the 
three Springfield specimens are shown in Fig. 2 in a plot of log Fm vs 
m. 
4. Comparison of Noble Gas Records in Springfield Specimens 
The following are worthy of note in comparing the noble gas 
records summarized in Table III and in Fig. 2. 
i) The fractionation pattern of noble gases in specimen 
# 6040, as shown in Fig. 2, is distinct from those in the other two 
specim.ens. The trapped noble gases in # 6040 show less selective de-
pletion of the lighter weight noble gases than do the noble gases in 
# 379. 13 and # 7029. 
ii) 3 21 From the amounts of spallation-produced He, Ne and 
38 
Ar shown in Table III, it is clear that specimen # 6040 has had more 
exposure to cosmic rays than the other two Springfield specimens. 
iii) In specimens # 6040 and # 7029 the ratios of cosmogenic 
neon and argon are similar, 
38 21 
Ar: Ne ~ 0. 21, suggesting similar 
relative abundances of target nuclides in these two specimens. Speci-
men # 379. 13 shows a distinctively different relative production rate 
f . bl . h 38 or cosrnogen1c no e gases w1t 21 Ne ~ 0. 5. 
iv) Specimen # 379. 13 shows a clearly lower content of radio-
genic 
40 
Ar than do the other two specimens. Specimen # 7029 has the 
133 
. . 40 129 highest concentration of both rad~ogen~c Ar and radiogenic Xe. 
No radiogenic 129xe was observed in specimen # 6040. 
From the above comparisons we conclude that these three 
specimens were separate entities in space and thus represent separate 
meteorites. 
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Table I. Results of First Series of Analyses 
Sample ~ 7029 
-7 5, 93 X 10 
149.2 ± 0.8 
-8 
1.47 X 10 
l. 57 ± 0. 0 J 
0. 754 ± 0. 002 
J. 76 X 10- 8 
0. 312 ± 0. 002 
308') ± 20 
9. I 2 X I 0-ll 
0. 0457 :t: 0. 0007 
0. 208 ± 0. 00 I 
0. 20h ± 0. 001 
n. 309 ± o.ooz 
3. 7C:, X lo- 11 
0. 0241 ± 0. 0002 
0. 47') ± 0. 004 
(,, 74 ± 0. 02 
" · 14 f: 0. (}1 
(, . c; ~ ± 0. () ~ 
l. c;(, :t· 0. 0?. 
2. 17 t . o. 02 
Samole li 6040 
-7 
4.65 X 10 
18.4 ± o. l 
-8 8. 27 X 10 
1. 06 ± 0. 02 
0. 899 ± 0. 003 
-8 2. 48 X 10 
0. 740 ± 0. 009 
1217 ± 4 
-I 1 
'i . 41 X JO 
-12 
l. 99 X 10 
(, , 46 ± 0. 02 
"· I 3 ± 0. 04 
1> . -Fl ± 0. ()(, 
2. c;o :t: o. 02 
2. 14 ± n. o 1 
Sampl e " 3 79. 13 
-8 6.85 X 10 
42. 2 ± 0. 2 
-9 9. 23 X 10 
1. 24 ± 0. 03 
0.812±0.003 
-8 2. 50 X 10 
0.345±0 .. 001 
283. 9 ± 1. 0 
(, .. 7 9 X 1 0 - I I 
0. 0435 t 0. 0004 
0. 208 t 0. 002 
0. 206 ± 0. 001 
0. 308 ± 0. 001 
-I l 3.92xl0 
0 .. 0242 ± 0. 0004 
0. 4t'>9 ± 0. 002 
(> .58±0.02 
'i. 1 5 t 0 .. 03 
(,. c; c; t 0. 03 
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Table II. Results of Second Series of Analyses 
Sample :; 3 79. l3 
7S0°C 
2. 21 X 10- 8 
242. 2 ± 1.0 
- 9 2. 00 X 10 
o. 196 ± 0. 00 1 
306. 9 ± 1. 4 
-II 
3 .79 xl0 
l. 60 X 10-lZ 
(,.48 ± 0.04 
s . 1 <; t 0. 02 
2. c; 3 t- o. 02 
.~. 1 c; t n. oz 
Sample "' 379. 13 
l700°C 
6. 39 X 10 -8 
S3.7±0.2 
-8 
1. 04 X I 0 
1.24±0.01 
0.810±0 . 002 
-8 2. 22 X 10 
0.342±0.001 
315 .7± 1.0 
-11 7. 19 X 10 
-11 
1.4lx10 
0. 0 2 () 1 ± 0 . 0 0 0 4 
0. 0244 ± 0 . 0003 
0. 4HH ± 0. 003 
7. 04 ± 0. 03 
"· 1 t> ± 0. 02 
2.47±0.01 
2. ()<) ± 0.01 
Sample *' 7029 
900°C 
2. 19 X 10 -7 
169.4± 0.4 
-9 5. 51 X 10 
0. 232 ± 0. 003 
2891 ± 30 
-11 4. 52 X 10 
-12 
3. 19 X 10 
o. 4<)9 ± 0. 02 
6. S7 ± 0. 04 
5. 10 ± 0. 04 
6 .4 S± 0.02 
2. 4Q ± o. 02 
2.12 ± 0.01 
137 
Sample !! 7029 
l700°C 
2. 50 X 10 -7 
154.1±0.4 
-8 1. 91 X 10 
1.56±0.01 
o. 759 ± 0. 003 
-8 
1. 73 X 10 
0. 307 ± 0. 002 
2144 ± 3 5 
8. 54 X 10-ll 
2.16xl0-ll 
o. 0279 ± 0. 0002 
0. 0259 ± 0. 0002 
0 . 5 10±0.003 
8. 16 ± 0. 04 
5. 09 ± 0. 02 
6 . 25 ± 0. 03 
2.38±0.01 
1. 99 ± 0. 0 I 
Table III. Concentrations of Radiogenic and Spallation Noble Gases in Springfield Specimens 
Specimen No. Analysis No. 
7029 1 
7029 2 
379. 13 1 
3 79. 13 2 
6040 1 






































Fig. 1. A comparison of the isotopic compositions of neon in the 
three Springfield specimens with the isotopic compositions produced 
by spallation reactions and by mass fractionation of solar- type neon. 
The intersection of the two lines defines the isotopic composition of 
trapped neon in these specimens. 0 Specimen # 379.13; 0 Specimen 
# 7029; and 0 Specimen # 6040. 
Fig. 2. A comparison of the abundance patterns of trapped noble 
gases in the three Springfield specimens. Fractionation factors, Fm, 
are defined by Eq. (1). The dashed line shows the fractionation pat-
tern of noble gases in air and the solid lines show the fractionation pat-
tern of noble gases 1n each specimen. 0 Specimen# 379.13; 0 Speci-
men # 7029; and 0 Specimen # 6040. 
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ABSTRACT 
142 
Carbonaceous chondrites contain two isotopically distinct corn-
ponents of trapped xenon which cannot be explained by the occurrence 
of nuclear or fractionation processes within these meteorites. 
143 
1 
Reynolds and Turner reported enrichment of the heavy xenon 
isotopes in the gases released from the carbonaceous chondrite, 
0 0 
Renazzo, at 700 -1, 000 C. Subsequent studies of xenon in other 
carbonaceous chondrites have confirmed the existence of a ' 1 Renazzo-
2-7 
type" anomaly , and it has been suggested that the excess heavy 
244 
xenon isotopes may result from the spontaneous fission of Pu (ref. 
2 
1), from neutron-induced fission , from a "carrier" of heavy xenon 
5 
adsorbed on carbonaceous material , from fission of superheavy ele-
8-11 12 
ments , or from mass fractionation 
In reviewing the available data on xenon released from carbon-
aceous chondrites by stepwise heating, we recently noticed an enrich-
0 
ment of the light xenon isotopes in the temperature fractions {:::::: 600 -
1, 000°C) which also show an enrichment of the heavy xenon isotopes. 
Table 1 shows isotopic data for carbonaceous chondrites at those 
extraction temperatures showing the most spectacular enrichments of 
h h . Th . . . . f . . 13 t e eavy xenon 1sotopes. e 1sotop1c compos1t1on o xenon 1n a1r 
and that of the total trapped xenon in average carbonaceous chon-
. 14, 15 dr1tes (A vee) are shown for comparison. 
In Table 1 the xenon from carbonaceous chondrites is shown in 
the order of increasing enrichments of the heavy xenon isotopes. This 
arrangement of the xenon data also corresponds to an increasing 
enrichment of the lighter xenon isotopes. The absence of any signifi-
cant spallation contribution to the light xenon isotopes in the ' 1Renazzo-
type" anomaly is indicated by the fact that all of the observed 
144 
124 126 . . . Xe/ Xe ratlOS are hlgher than that ln A vee xenon, whereas all 
124 126 16,17 
known spallation reactions yield Xe/ Xe ratios that are 
124 12 6 
lower than the Xe/ Xe ratio in A vee xenon. 
124 13 0 
Fig. 1 shows the observed correlation of the Xe/ Xe ratios 
with the 136xe;130xe ratios in these carbonaceous chondrites and the 
correlations expected from mixtures of AVeC xenon with products 
from fis sian or from spallation reactions. The pattern expected from 
mass dependent fractionation is also shown. It appears from the data 
in Table 1 and Fig. 1 that the observed correlation cannot be accounted 
for by any of the previously proposed mechanisms. Fission induced by 
bombardment at high energies yields both neutron-rich and neutron-
poor isotopes of xenon, but it has been shown18 that the yields of the 
neutron-poor isotopes from this process are like those from spallation 
124 126 
reactions-high energy induced fission produces a Xe/ Xe ratio 
smaller than that in A vee xenon. We know of no plausible in situ 
nuclear process which could produce the observed enrichment of the 
1 i gh test and heaviest isotopes of xenon. Further, the high de g r e e of 
124 130 136 130 
correlation of Xe/ Xe with Xe/ Xe (98o/o) seems to rule out 
any accidental m .ixture of in situ produced enrichrnents of the heaviest 
and the lightest isotopes. We therefore conclude that the ''Renazzo-
type" anomaly is due to an isotopically distinct component of xenon 
(hereafter referred to as X) which has been incorporated into the 
carbonaceous chondrites. The correlations for the xenon isotope 
ratios seen in Table 1 and Fig. 1 are then the result of mixtures of 
145 
A vee xenon with this cor:nponent X. 
It has been suggested that atmospheric and solar-wind implanted 
1 db . t . f . . 19,20 xenon are re ate y 1so op1c mass ract1onat1on . The dashed line 
through atmospheric xenon in Fig. 1 shows the effect expected from 
21 
Aston's equation for diffusive fractionation. Also shown is a recent 
estimate of the isotopic composition of solar-wind implanted xenon 
20 
obtained from analysis of lunar soils . The shift of AVCC xenon from 
the fractionation line relating atmospheric and solar xenon suggests 
that AVCC xenon may contain a small component X. 
Properties of Anomalous Xenon 
The xenon released from Allende at 800°C contains a higher 
percentage of X than does any other xenon reported to date. We there-
fore use this to seek information on the relative abundances of the 
isotopes and possible origin of component X. From the data shown 1n 
Table 1 it appears that X shows the greatest enrichment in the lighter 
124, 126 134,136 
isotopes, Xe, and the heavier isotopes, , relative to 
130 
Xe. These are the isotopes expected to be produced 1n supernova 
22 124,126 
explosions , the Xe isotopes by the p-process and the 
134, 136 
Xe by the r-process. Thus, it is possible that X in carbonace-
ous chondrites represents material that has been added to our solar 
system from a nearby supernova, although no evidence for the addition 
of products from a separate nucleosynthesis event has been found in 
the other elements. 
146 
To look for a more quantitative relationship between X and 
xenon in the Earth's atmosphere, we employ the method of Canalas et 
23 m 
al. to compute a fractionation factor, F , for each xenon isotope. 




Fig. 2 shows the values of F for the xenon isotopes released 
. o m 
from Allende at 800 C. The values ofF for the light isotopes, 
124-130 
Xe, decrease in a regular manner with increasing m .ass number, 
m 131-136 
but the F values for the heavier isotopes, Xe, show an irreg-
ular pattern with increasing mass number. The pattern seen across 
the lighter xenon isotopes is suggestive of mass dependent fractiona-
tion, a process which has recently been recognized as the source for 
. . . f 6,7,12,24-26 
m .any 1sotop1c anomal1es o noble gases . The dashed line 
in Fig. 2 shows the pattern expected across the fractionation factors, 
Fm, if atmospheric xenon and X are related by the diffusive gas loss 
21 
equation of Aston . The dashed line corresponds to a volume change 
7 
in xenon of~ 3 x 10 The abundance pattern of the light e r isotopes, 
124-130 
Xe, fits Aston's equation and there remains an excess of the 
. . 131 132 134 136 
heavier xenon 1sotopes 1n the ratio Xe: Xe: Xe: Xe = 
0. 30 ± 0.11: 0. 58± 0.14::: 1. 00:1. 41 ± 0. 10. Thus, the correlation 
shown in Fig. 2 suggests that the X that has been incorporated into 
carbonaceous chondrites can be related to atmospheric x e non by a 
combination of isotopic mass fractionation plus some process which 
produced the heavy xenon isotopes in the above ratio. 
147 
Possible Sources of X 
The suggestion that meteoritic and atmospheric xenon may be 
related by a mixture of fission and fractionation dates back to 
27 
Reynolds' discovery of anomalous meteoritic xenon in 1960. This 
. . l-5,14,15,28,29 
view is widely accepted, and several 1nvestlgators have 
noted that the xenon in carbonaceous chondrites may contain a fission 
component with yields similar to the excess heavy xenon isotopes cal-
0 . 
culated above for the 800 fracbon of .Allende. Earlier workers have 
not noticed the correlation of excess heavy and light xenon isotopes, 
which suggests that the anomalies of X were not produced in situ but 
were present when the xenon was incorporated into the meteorites. 
Because X and solar-wind implanted xenon are released from 
19 
m .eteorites at about the same extraction temperatures , it appears 
that X may have been implanted from an early solar wind. The xenon 
implanted by the solar wind in lunar soils is not as enriched in the light 
isotopes as is X. Changes in the fractionation of noble gas isotopes in 
the solar wind may be expected, however, because there is evidence 
for time variation in the degree of fractionation of gases presently 
30 
reaching the lunar surface . 
131-136 
The origin of excess Xe 1n X is more difficult to explain 
by current theories of the early solar system. 
2 
Pepin noted that the 
131-136 
pattern of excess Xe in carbonaceous chondrites resembled that 
produced by a high flux of thermal neutrons on 
235
u, but he concluded 
that the absence of detectable neutron-capture anomalies in the rare 
148 
earths of meteorites left no satisfactory explanation for the excess 
heavy xenon isotopes. 
. 13 





235 131 132 134 136 U would produce Xe: Xe: Xe: Xe = 0. 36: 
0. 54: 1. 00 : l. 41, in agreement with the yields calculated above for X. 
As we have shown that this enrichment of heavy xenon isotopes is not 
produced by in situ nuclear processes, the absence of neutron-capture 
anomalies in the rare earths is no longer an obstacle to this model. 
Also because of the large thermal neutron capture cross-section of 
135 . 136 134 Xe, a h1gh thermal neutron flux would yield a large Xe: Xe 
ratio for the induced fission of any transbismuth nuclide. An early 
deuterium burning stage in the outer region of the Sun or the irradia-
tion of planetary material prior to accretion into planetary bodies, as 
31 
proposed by Fowler~ al. , are possible sources of neutrons. 
In sum.mary, the enrichment of heavy xenon isotopes released 
from carbonaceous chondrites near 600°-1, 000°C is accompanied by an 
enrichment of the light xenon isotopes. The high degree of correlation 
between these two isotopic anomalies suggest that both result from a 
comrn.on source. Because no known nuclear or physical process is 
capable of producing both anomalies in situ, we suggest that they result 
from the release of isotopically anomalous xenon (component X) that 
was trapped in the m e teo rite s . 
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Table 1 Xenon Isotopes in Carbonaceous Chondrites 
Sample 124 126 128 130 131 132 134 136 References 
AIR 2. 353 2.206 47.03 100 519. 1 659. 1 255.9 217.4 I'\ier13 
AVCC 2.828 2.533 50.38 100 506. 7 620.9 236.9 199.0 Marti14 and 
2 Eugster et al.15 
Renazzo 2.93 2.57 50.6 100 505.8 617.2 243.3 210.4 Reynolds 
800° ± 0. 05 ± 0. 03 ± 0.4 ± 2.4 ± 1.9 ± 2.2 ± 1.5 and Turner1 
Leoville 3.07 2.66 51. 4 100 511. 3 625. 0 250.0 220.6 Manuel et al. 6 
1010° ± 0. 09 ± 0. 12 ± 0.5 ± 4 . 9 ± 3. 9 ± 2.4 ± 2.3 
Makoia (Matrix) 3. 15 2. 72 52. 7 100 519.9 633.3 276. 1 248.9 Rowe 5 
600° ± 0. 09 ± 0. 09 ± 0. 7 ± 6.8 ± 7.6 ± 3.6 ± 3.6 
Makoia 3.39 2.90 52.0 100 514. 1 624. 5 278.6 261. 1 Manuel et al. 7 
750° ± 0.06 ± 0. 05 ± 0.8 ± 5.6 ± 5.6 ± 3.2 ± 2.0 
Allende 3.39 2. 77 54.5 100 513.0 624.9 291. 2 282.5 Manuel et al. 7 
1000° ± 0. 14 ± 0. 09 ± 0.9 ± 6. 1 ± 8.6 ± 3.9 ± 2.4 
Allende 3.62 2.84 52. 1 100 518.6 641.0 305. 1 299.4 Manuel et al. 7 






Fig. 1. The correlation observed between the enrichments of the 
124 /13 0 136 13 0 Xe Xe ratios and the Xe/ Xe ratios in carbonaceous chon-
drites which exhibit the "Renazzo-type" anomaly. The isotope data 
13 14 
for air, AVCC and solar xenon are from Nier , Marti and Eugster 
15 20 
et al. and Kaiser , respectively, and the isotope data from step-
wise heating of carbonaceous chondrites are from Reynolds and 
1 6 5 7 
Turner , Manuel~ al. , Rowe and Manuel et al. . 
Fig. 2. A comparison of the abundance pattern of xenon isotopes from 
0 7 
the 800 fraction of Allende relative to the abundance of xenon iso-
13 
topes in the atmosphere . The dashed line shows the mass fractiona-
21 
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Abstract 
156 
Xenon in meteorites can be resolved into a mixture of compon-
124 126 
ent X and trapped xenon with the following composition, Xe: Xe: 
128 130 131 132 134x I36x Xe: Xe: Xe: Xe: e: e = 0.0276: 0.0248: 0.501:1.00: 
5.04: 6.19: 2.31: 1.90. This trapped meteoritic xenon is distinct from 
A VCC xenon, which is shown to represent the average composition of 
the total xenon in meteorites containing various mixtures of component 
X and trapped meteoritic xenon. 
157 
1 12 9 
In 1960 Reynolds reported the discovery of radiogenic Xe, 
129 
the decay product of extinct I, in the Richardton chondrite. He also 
noted a general anomaly pattern across the isotopes of xenon in the 
2 Richardton meteorite, and later that year he reported a similar iso-
topic anoiTI.aly pattern in xenon released from the Murray carbonaceous 
chondrite. Since Murray contained over 40 times more xenon than 
Richardton, but less cosmogenic noble gas isotopes than R.ichardton, 
2 Reynolds concluded that the general anomaly pattern was character-
istic of primordial xenon. 
Following Reynolds1' 2 discovery of general isotopic anomalies 
1n meteoritic xenon, there were other attempts to determine accurately 
3-5 
the isotopic composition of xenon trapped in meteorites Aside 
from a component of terrestrial-atmosphere-like xenon which is re-
leased at low extraction temperatures and is presumably due to 
contamination of meteorite surfaces with atmospheric xenon, these 
1-5 
studies showed that the xenon trapped in average carbonaceous 
chondrites (A vee X e) may be attributed to a mixture of fractionated 
atmospheric-type xenon plus a fission component. However, the con-
cept of A vee Xe as primordial, when defined as a mixture of two 
components, was unclear, and this concept has become increasingly 
vague as the results of stepwise heating experiments on different 
6-13 
carbonaceous chondrites in several laboratories convincingly 
demonstrate that the two components of AVeC xenon are inhomogene-
ously mixed. 
158 
It seem.ed that accurate measurements on the isotopic cornpo-
sition of xenon from the sun might help elucidate the nature of 
primordial xenon in our solar system, and a component of solar xenon 
has recently been identified in the Pesyanoe meteorite14 and in lunar 
15-20 
soil The general features of this solar xenon can be related to 
atmospheric xenon by isotopic mass fractionation, although certain 
xenon isotopes consistently deviate from the general fractionation 
15-22 
pattern It has been suggested that deviations from the general 
129 isotopic fractionation pattern are due to radiogenic X e in the atmo s-
h 
18,22 131 132 . 18 
p ere , to excess Xe and Xe 1n the atmosphere to fissio-
134 136 . . 16-18,20,22 
genic Xe and Xe 1n lunar f1nes , and to either an 
126 124 
excess of Xe, or a deficiency of Xe, 1n solar xenon due to nuclear 
. 2 0' 2 3 16 
react1ons . Eberhardt et al. have also suggested the possibility 
that fractionation might not be responsible for major differences in the 
isotopic composition of solar and terrestrial xenon, but that these two 
types of xenon might originate from different nucleosyntheses. 
24 
In a recent report we noted that the xenon released from car-
0 0 
bonaceous chondrites at :::::: 600 -1000 C contains an excess of the 
124-128 
proton-rich isotopes, Xe, in addition to an excess of the 
131-136 
neutron-rich isotopes, Xe. This observation lead us to suggest 
that meteoritic xenon consists of two isotopically distinct component 
which cannot be explained by the occurrence of nuclear or fractionation 
processes within the meteorites. The !YJeteoritic xenon component 
which is enriched in both the light and the heavy isotopes relative to 
159 
130 
Xe was referred to as X, but the nature of the other meteoritic 
xenon component was not clearly defined. In this report the available 
data on xenon in carbonaceous chondrites, in lunar fines, and in the 
earth's atmosphere are examined in seeking a better understanding of 
the nature of these two components of meteoritic xenon. 
General Isotopic Anomaly Patterns of Xenon 
Before discussing the isotopic anomalies of xenon which are 
observed in dHferent temperature fractions when this gas is released 
from m _eteorites by stepwise heating experiments, it is instructive to 
compare the isotopic composition of this element in the three major 
reservoirs of xenon which have been studied; xenon in the earth's at-
mosphere, in meteorites, and in lunar soil. The isotopic composition 
for xenon in these sources is presented in Table l. The isotope, 
12 9 1 Xe, is excluded from consideration here due to its production in 
129 
the early solar system by the decay of primordial I. 
In Table l, the nonradiogenic and nonspallogenic isotopes of 
xenon in lunar fines are used to represent the composition of solar 
xenon. The results from various laboratories are shown in Table 1 
because estimates on the composition of xenon implanted in lunar fines 
differ significantly from each other, and there is no unanimity of 
opinion on the actual isotopic cornpo s ition of xenon in the solar wind. 
However, these various estimates of solar xenon show a systematic 
relationship which suggests that they may be related by mass-
160 
. . 20 dependent fract1onat1on . 
Two estimates for the composition of xenon in meteorites are 
represented in Table 1 by .AVCe and WAVCC. The values shown for 
A vee are an average of the estimate of trapped meteoritic xenon 
.4 based on 7 meteorites analyzed by Martl and 3 carbonaceous chon-
5 
drites analyzed by Eugster ~ al. . The values shown for WA vee 
represent a weighted average for approximately 75 analyses in different 
laboratories on a total of 35 carbonaceous and gas-rich meteorites, as 
26 
listed in Table 5 of Mazor et al. These results were weighted 
according to the xenon content of the meteorites. The abundances of 
the two light xenon isotopes, 
124 126 
Xe and Xe, are not shown in WAVee 
26 due to the absence of data on these isotopes for many of the analyses . 
The lower abundance of the heavy xenon isotopes in WAVee than in 
A vee indicates that the relative abundance of the heavy isotopes is 
lower in xenon-rich meteorites than in average carbonaceous chon-
drites. Atmospheric xenon is represented in Table 1 by the widely 
25 . 18 
quoted analyses by Nier and by a recent analys1s by Podosek ~ al. . 
To compare the composition of xenon in these three reservoirs, 
. 27 
we employ the method of eanalas ~ al. , where the abundance of each 
isotope of mass number i..? is compared to its atmospheric abundance 
1 
by the factor, !:__, defined as follows: 
. i 13 0 i 13 0 
F
1 
= ( Xe/ Xe) 1 /( Xe/ Xe) . samp e a1r (1) 
i 
The values of!:..__, for solar and A vee xenon are plotted against mas 8 
161 
number, i, in Fig. 1. For this comparison we have used Nier 1 s value 
25 19 
for atmospheric xenon and Kaiser's value for solar xenon . The 
latter was selected because it represents an extreme of the estimates 
for solar xenon and it has been earlier depicted as solar xenon with the 
lowest fission component. 
. . 14-17 Several 1nvest1gators have suggested that solar xenon and 
132-136 
AVCC xenon are identical, except for the presence of excess Xe 
in the latter. It had been noted earlier that atmospheric xenon and 
1-5 
AVCC xenon could be related by mass dependent fractionation , 
132-136 
except for the presence of excess Xe in the latter. Thus, the 
. 14-17 
view of solar and AVCC xenon expressed by these 1nvestigators 
suggests the possibility that atmospheric and solar xenon are directly 
related by fractionation. Kaiser19 has recently interpreted his results 
on xenon in Luna 16 as evidence that atmospheric xenon is, in fact, 
fractionated solar xenon. However, as can be seen in Fig. 1, even for 
h t . f 1 . b K . 19 h · t e ex reme estimate o so ar xenon as g1ven y a1ser , t ere 1s 
f . . h 1 . h . 124-13lx h steeper ractlonat1on across t e 1g t 1sotopes, e, t an across 
132-136 
the heavy isotopes, Xe. The break in the fractionation patterns 
132 
for both A VCC and solar xenon at Xe clearly demonstrates that 
neither of these two reservoirs of extraterrestrial xenon can be re-
lated to atmospheric xenon by simple mass dependent fractionation. 
Component X and Trapped Meteoritic Xenon 
6 
In 1964 Reynolds and Turner reported that the presence of 
162 
excess heavy xenon isotopes in the gas released from the Renazzo 
0 0 
carbonaceous chondrite at 700 -1000 C. Stepwise heating experiments 
7-13 
on other carbonaceous chondrites in several laboratories con-
firmed this anomaly. 
24 Last year we reported that the results of 
124 
stepwise heating experiments showed an enrichment of Xe in the 
136 
same temperature fractions which contained excess Xe. The cor-
relation observed between light and heavy isotopes could not be 
explained by any of the previously proposed mechanisms, and we con-
eluded that the observed pattern of anomaly was due to the release of 
an isotopically distinct component of xenon, referred to as component 
X, which has been incorporated into the meteorites. 
13 
Since our initial report was published, the results of Phinney's 
analyses for xenon released by stepwise heating of carbonaceous 
condrites have been brought to our attention. These results, for the 
136 
temperature fractions showing the largest enrichment of Xe, are 
listed in Table 2 together with the results of stepwise heating experi-
. 24 
ments discussed in our earl1er report 
The correlation between the enrichrnent of the light isotopes, 
124 12 6 136 
Xe and Xe, and the enrichment of the heaviest isotope, Xe, 
1n the xenon released by stepwise heating can be seen in Fig. 2, where 
124 130 136 130 
Xe/ Xe are plotted against Xe/ Xe. Estimates of solar, 
atmospheric, and meteoritic xenon from Table 1 are shown for com-
parison. As can be seen from Fig. 2, the recent data by Phinney13 
which is represented by the darkened points, agrees with the 
163 
24 
correlation reported earlier It should be noted that the abundances 
124 126 . 
of Xe and Xe have not been corrected for cosm1c- ray induced 
spallation reactions, which may partially account for the scatter of 
data points from the correlation lines. 
The dashed line in Fig. 2 shows the relationship expected from 
d . ff . f . . 
2 8 d h f "1 f 1 1" h 1 us1ve racbonatlon , an t e a1 ure o so ar xenon to 1e on t e 
fractionation line passing through atmospheric xenon is understood in 
terms of the relationship shown in Fig. 1. The solid line connecting 
atmospheric and solar xenon defines the isotopic composition of xenon 
which would be produced by mixing components from these two reser-
voirs of xenon. This "mixing" line approximately parallels the frac-
tionation relationship. If AVCC Xe properly represents an average of 
the total xenon in meteorites, then the composition of trapped mete-
oritic xenon, when corrected for the presence of component X, is 
expected to lie to the left of AVCC Xe on the correlation lines shown 
in Fig. 2. Likewise, the subtraction of component X from the xenon 
released at each extraction temperature might leave a common trapped 
meteoritic xenon component. Since the other two known reservoirs of 
xenon are solar and atmospheric, a suitable choice for trapped mete-
oritic xenon can be characterized by the intersections of the correla-
tion lines with the "mixing" line or the fractionation line. The 
darkened column labeled trapped meteoritic in Fig. 2 represents these 
intersections. Until the isotopic composition of solar xenon is suffi-
ciently well established to clearly indicate the relationship between 
164 
solar and atmospheric xenon, a decision on which intersection repre-
sents trapped meteoritic xenon would be arbitrary. Since these three 
reservoirs of xenon are probably genetically related, though not 
necessarily by a diffusive fractionation relationship, we will employ 
a simple linear relationship between atmospheric and solar xenon to 
see if meteoritic xenon can be resolved into a mixture of component X 
and a self-consistent composition for trapped meteoritic xenon. 
The observed correlations between the other non-radiogenic 
xenon isotopes released in the stepwise heating of carbonaceous chon-
drites are shown in Fig. 3, together with the "mixing" line between 
solar and atmospheric xenon. All of the xenon isotope data from Table 
1 and Table 2 for i = 128-136 are shown in Fig. 3, except for the ratio, 
128 130 0 
Xe/ Xe, in the xenon released from Allende at 1000 C. The un-
usually high value for this ratio, indicated by the arrow in Fig. 3, is 
.b d . 1271. h. ·t F. attr1 ute to neutron-capture reactions on 1n t 1s meteor1 e. 1re-
29 12 
man et al. and Manuel et al. have reported an excess of certainno-
ble gas isotopes in Allende due to neutron-capture reactions on halogens. 
From Fig. 3 it appears that the points of intersection of the 
correlation lines and the "mixing" lines define a self-consistent com-
position for trapped meteoritic xenon, and this composition is also 
consistent with the trapped xenon shown in Fig. 2. The isotopic 
composition of trapped meteoritic xenon defined by these intersections 
. 124 126 128 130 131 132 134 136 
1s Xe: Xe: Xe: Xe: Xe: Xe: Xe: Xe = 0. 0276: 
0.0248:0.501:1.00:5.04:6.19:2.31:1.90. The scatter of data points 
165 
about the correlation lines in Fig. 3 may be due to variations in the 
composition of trapped meteoritic xenon. If the trapped meteoritic 
xenon lies along the "mixing" line, as would be expected if meteoritic 
xenon has been acted on by the sam.e process responsible for the rela-
tionship between atmospheric and solar xenon, then this might account 
for the sm.allest scatter of data points along the correlation line for 
i = 134. For this isotope, the slope of the ''mixing" line and the slope 
of the correlation line are most nearly equal. 
130 
It should be noted from Fig. 3 that, relative to Xe, all of 
the other xenon isotopes are enriched in component X when compared 
to their abundance in trapped meteoritic xenon. We have discus sed 
possible origins for component X earlier and have no additional sug-
gestions to make for its source. However, a few comments on the 
relationship between AVCC xenon, trapped meteoritic xenon, and corn-
ponent X seem appropriate. 
AVCC Xenon 
26 Mazor~ al. have shown the results of approximately 75 anal-
yses for meteoritic xenon from several laboratories. These results 
. . 124 126 
are for total xenon and do not 1nclude data on Xe and Xe for most 
of the meteorites. 130 No data on Xe are given for 4 analyses. Thus, 
it is not possible to determine if the total xenon in these meteorites 
shows a correlation between an enrichment of the light isotopes and an 
enrichment of the heavy isotopes, as shown in Fig. 2 for stepwise 
166 
heating experiments. 
However, even in total melt experiments, we find variations 1n 
the relative abundances of the heavy xenon isotopes in the manner 
observed for stepwise heating experiments. This correlation of excess 
136 134 
Xe with excess Xe in about 70 total melt analyses of the xenon in 
35 different m .eteorites is shown in Fig. 4. The dashed lines indicate 
the area of uncertainity for the correlation which would result if points 
on the solid correlation line had an uncertainity of ± lo/c;. This degree 
of uncertainity is typical of the xenon isotope measurem.ents, and this 
1s shown for a symbolic data point in the lower right of Fig. 2. The 
isotopic compositions given in Table 1 for AVCC and WA VCC are shown 
on Fig. 4. The fact that these lie near the middle of the graph, which 
is heavily populated with data points representing total meteoritic 
xenon, demonstrates that AVCC and WAVCC satisfactorily describe the 
f l30x 134 136 average isotopic abundances o e, Xe and Xe in total mete-
o ritic xenon. 
134 . 136 The correlation of excess Xe w1th excess Xe for total 
meteoritic xenon, in the manner observed for xenon released by step-
wise heating experiments, suggests that the same mechanism may 
account for both the isotopic variations in different temperature frac-
tions of a meteorite and the isotopic variations in the total xenon from 
different meteorites. . 30 Recently Takaoka reiterated the view that cor-
l . b . . f 128 130 131 132 134 re abons etween 1sotope rabos or Xe, Xe, Xe, Xe, Xe 
136 
and Xe in the total xenon of different carbonaceous chondrites can 
167 
be accounted for by the carbonaceous chondrite fission (CCF) hypo-
6 
thesis . However, Takaoka did not consider the isotopic abundances of 
124 126 Xe and Xe. Although the correlation shown in Fig. 4 is consist-
ent with both the CCF hypothesis and the component X hypothesis, we 
assume that the correlation results from variations in the relative 
amounts of component X for the following reason. This same mechan-
ism can also account for isotopic correlations observed in stepwise 
heating experiments, whereas the CCF hypothesis fails to account for 
124 12 6 136 
the correlations of excess Xe and excess Xe with excess Xe, 
as shown in Fig. 2. 
Another mechanism which may contribute to differences in the 
isotopic composition of atmospheric, solar and AVCC xenon has been 
31 
noted by Kuroda • He suggests that neutron-capture reactions in the 
interior of the sun during the deuterium- burning stage may have en-
128-132 
riched solar xenon in the intermediate mass isotopes, X e. 
Xenon which had been isolated from the sun prior to the onset of 
deuterium burning would thus appear to be enriched in the lighter and 
heavier isotopes, a pattern observed in component X. However frac-
130 
tional differences between the abundances of Xe in component X and 
. 31 
other sources of xenon are much larger than those which Kuroda 
attributes to solar nuclear reactions. 
136 13 0 
From the range of Xe/ Xe values shown in Fig. 3 and 
. . 136 130 Fig. 4 we conclude that for total melt experiments the Xe/ Xe 
136 130 
ratio may differ from the Xe/ Xe ratio in trapped m .eteoritic 
168 
xenon by ~ 0-llo/o due to variations in the relative am.ounts of component 
X, whereas stepwise heating experiments partially separate these two 
136 13 0 
components of meteoritic xenon to yield Xe / Xe ratios that are 
136 130 ~ 0-58% higher than the Xe/ Xe ratio in trapped meteoritic xenon. 
A vee xenon represents the isotopic composition for the average ob-
served mixture of trapped meteoritic xenon and component X. 
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TJble 1. Isotopic Composition of Solar, Meteoritic and Atmospheric Xenon 
- ·- *- -·- - ----
Sample 124xe l26xe 128Xe l30Xe 131xe l32Xe 134Xe l36Xe References 
Solar: 
Luna - 16 2.99 2.78 51.0 100 494.7 600.6 220.1 176.0 Kaiser 19 
Lunar Fines - 1 OOU4. 59 3.02 2. 93 51.5 100 498.0 606.0 220.0 179.0 Hohenberg et !!_. 15 
Lunar Fines- 10084.48 2.94 2.55 50.8 100 496.0 608.0 224.2 182.6 p . 1 17 ep1 n et !__. 
Lunar Fines- SUCOR 2.89 2.63 50.9 100 499.0 606.6 225.2 182.7 Podosek et a 1. 18 
Lunar Fines- 10034.47 2.99 2.67 50.45 100 495.5 607 .0 225.8 184.2 Eberhardt et a 1. 16 
Lunar Fines- 15601.64 2.73 2.61 50.6 100 501.2 613.5 229.4 187. 1 Srinivasan et a1. 20 
Meteoritic : 
AVCC 2.828 2.533 50.38 100 506.7 620.9 236.9 199.0 Marti 4 and Eu~ster 
et a 1. 
WAVCC -- -- 50.82 100 506.3 617.9 235.5 197.2 This Work 
AtmosEheric: 
Air 2.353 2.206 47 .03 100 519.1 659.1 255.9 217.4 N. 25 1er 
Air 2.334 2.175 47.07 100 522.4 661 .4 256.7 218.2 Podosek et a1. 18 
-...) 
N 
Table 2. Anomalous Xenon Released in Stepwise Heating of the Carbonaceous Chondrites 
Sample 124Xe 126Xe 128Xe 130xe 13lxe l32Xe 134Xe l36Xe References 
Renazzo 800° 2.93±0.05 2.57±0.03 50.6±0.4 100 505.8±2.4 617.2±1.9 243.3±2.2 210 .4± l. 5 Reynolds & Turner6 
Leo vi 11 e 101 oo 3.07±0.09 2.66±0.12 51 .4±0.5 100 511. 3±2 .4 625.0±3.9 250.0±2.4 220.6±2.3 Manuel et a 1. 11 
Mokoia 700° 3.43±0.05 3.02±0.06 51.9±0.4 100 512.0±2.5 625.0±2.4 269. 7± 1. 3 244.8±1.2 Phinney13 
Mokoia (matrix) 3 15 +0 09 600° . - . 2.72±0.09 52.7±0.7 100 519.9±6.8 633.3±7.6 276. 1±3.6 248.9±3.6 Rowe
9 
Mokoia 750° 3.39±0.06 2.90±0.05 52.0±0.8 100 514.1±5.6 624.5±5.6 278.6±3.2 261.h:2.0 Manuel eta1. 12 
Mokoia 800° 3.44±0.04 2.83±0.04 52.2±0.2 100 514.8±1.8 628.9±1.9 280.8±1.0 263.6:1.1 Phinney13 
A 11 en de 700° 3.37±0. 10 2.93±0.10 50.7±0.5 100 516.3±3.2 633.7±3.5 289.2±2.7 273.6±3.0 Phinney13 
A 11 en de 1000° 3. 39±0. 14 2.77±0.09 54.5±0.9 100 513.0±6.1 624.9±8.6 291 .2±3.9 282.5±2.4 Manue 1 et a l . 12 
A 11 en de 600 o 3.42±0.09 3.02±0.12 52. 1±0.9 100 522.7±5.6 643.1±6.2 300.8±5.0 290.0±3.4 Ph ' 13 1nney 







4, 5 19 . 
A comparison of A vee xenon and solar xenon Wlth xenon 
25 132 
in the earth's atmosphere . The break in the lines at Xe indicates 
that neither of these two form.s of extraterrestrial xenon can be related 
to atmospheric xenon by mass dependent fractionation. 
Fig. 2. 
. 124 130 126 130 . 
The correlations of Xe/ Xe and Xe/ Xe w1th 
136 1130x Xe e in the xenon released by stepwise heating of carbonaceous 
chondrites. The correlations between these xenon isotope ratios are 
shown by the heavy lines. 13 Recent stepwise heating data by Phinney 
are shown as dark squares. The symbols S, V, A are shown above 
solar, AVCC, and atmospheric xenon, respectively. The dashed line 
passing through atmospheric xenon shows the isotopic compositions ex-
pected from diffusive fractionation, and the solid line passing through 
atmospheric and solar xenon show the isotopic compositions expected 
from mixing these two types of xenon. 
F . 3 Th 1 . f h . h 13 6 I 13 0 1g. . e corre abon o ot er xenon 1sotope ratios wit Xe Xe 
in the xenon released by stepwise h e ating of carbonaceous chondrites. 
The lines and symbols are as defined in Fig. 2 except that both AVCC 
and WAVCC are shown below the symbol V. 
175 
Fig. 4. 
134 130 136 130 
The correlation of Xe/ Xe with Xe/ Xe in the total 
xenon of meteorites. Data are frorn. a compilation by Mazor ~ al. 26 • 
The darkened squares, labeled, V, show the isotopic composition of 
A vee and WA vee xenon. Typical error lirn.its of± 1o/c are shown in 
the lower right corner. 
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